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Chapter 1

General introduction

Nanotechnology focuses on the fabrication, charaetison and modeling of structures and
processes on length scales below 100 nm. It is usedmost every scientific discipline.
Nanotechnology is driven by the fact that mater@ften acquire unique properties when
structured on the nanometer scale. Over the pasiddemany new instruments to fabricate
nanostructures and study phenomena on the nandsaaéebeen developed. For example,
scanning electron microscopy (SEM), scanning tungemicroscopy (STM), atomic force
microscopy (AFM) and near-field scanning opticakcrascopy (NSOM) have enabled the
detailed study of structural, electrical, mecharacal optical phenomena at dimensions down to
the nanoscale. These studies of phenomena at titmmeter scale have opened many new
application areas.

In research studies, nanostructures are often peadoy electron beam lithography (e-beam) or
focused ion beam milling (FIB). While e-beam anB E&n generate arbitrary patterns and are
well suited to fabricate a limited numbers of sagsphith a small active area (typically Mm
these techniques are relatively slow and expemkiedo the serial manner in which the patterns
are generated. This is a major bottleneck for gptieation of nano-fabricated structures on an
industrial scale as this often requires many squoaeters of nanopatterns. In contrast, optical
lithography is used readily for the fabricationlafge-area integrated circuits on an industrial
scale. However, this technique is not capable tépang high density structures with nanoscale
features as its resolution is limited to the diffran limit of light.

Nanoimprinting is a versatile technique for fabtieg nanostructures in which a master pattern
is replicated via a stamping process, which usgsipal contact to mold a material in the inverse

shape of the stamp. Nanoimprint technology hapttential to economically deliver large areas

of features with dimensions well below 1 micromekéswever, nanoimprint has not been used

outside research and development to replicate -arg@ nanoscale resolution patterns due to
intrinsic issues with this contact replication teitjue.

In this thesis we present Substrate Conformal Imithography (SCIL) as a novel large area
wafer-scale nanoimprint method with nanoscale tegwi. We provide a detailed description of
the technique, its versatility, and the resoluttbat can be attained. We apply the SCIL
technique in nanophotonics, the research fieldghaties the control of light at the nanoscale.
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We characterize the SCIL technique by studyingdpgcal functionality of nanophotonic
devices incorporating nanofeatures made using S@k_describe the use of sub-wavelength
optical gratings to improve the performance of \ait Cavity Surface Emitting Lasers
(VCSELSs), vary the emission pattern of LEDs usihgtpnic crystals, fabricate sub-wavelength
hole arrays in metal films with anomalous transmisand improve the efficiency of solar cells
by use of soft-imprinted nano-plasmonic back reflex; all using nanoscale patterns made using
SCIL.

In the following section we describe existing nanpiint methods and discuss the fundamental
limitations of these techniques. Next, we presetts§ate Conformal Imprint Lithography and
show how this technique can be used to pattere largas with nanometer resolution. We then
describe the applications scope of the SCIL tealmitdpat enables large-scale production of
patterns with nanoscale resolution. In the lastiaeeve describe the outline of the thesis.

1.1 Nanoimprint lithography

Nanoimprint lithography was first demonstrated gsiigid stamps to hot-emboss polymer
layers (NIL) or replicate layers in UV curable resists@m temperature (UV-NIL3In NIL a

thin polymer layer is applied on a substrate aratdteto above the glass temperature of the
polymer, see Fig. 1(a). Then the stamp is presgedhe soft polymer, which flows around the
patterns and adopts the inverse shape of the stdexp, the stamp and substrate are cooled to
below the glass temperature of the polymer aftecktihe stamp is removed from the patterned
polymer. In UV-NIL, see Fig. 1(b), a stamp is mddam patterned silica glass which is
transparent to ultra-violet light. On a substrati@alayer of UV sensitive liquid organic resist i
applied. The silica stamp is pressed in the ligagist which fills up the features in the stamp.
UV light is applied through the stamp onto thesesi which polymer monomers cross linking
proceeds. After some time the resist forms a rggitid and the stamp is released from the
patterns. Both NIL and UV-NIL have demonstratedlioggion of 5-10 nm structures and
imprinted areas up to 200 mm diameter.

In some applications, multiple layers must be padte, which necessitates accurate alignment of
the layers. NIL uses a large temperature cyclinggetiwhich introduces stresses due to the
difference in thermal expansion coefficients of skemp, wafer and imprint tool, which makes
accurate overlay alignment almost impossible toeaeh UV-NIL is better suited to achieve

(a) reduced pressure
| 4 L e

Heat Press Cool Release

R ll M AR

mmm

Press Cross-link Release Repeat

Figure 1. Schematic of nanoimprint (a) and UV-nampiint (b) processes.
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accurate overlay alignment as it is an isothermatgss (except for slight heating due to the
absosrﬁbged UV light). UV-NIL has shown overlay aligamh down to ~15 nm over square cm
areas”

The advantage of nanoimprinting techniques destrédve over e-beam lithography and
focused ion beam patterning is that it can pateege areas with nanoscale features. However,
the high stiffness of the stamp and use of sudlaragsin close proximity to a rigid substrate
causes several disadvantages.

» Establishing conformal contact between two rigidt@$ is difficult as no substrate or
stamp is perfectly flat. (Fig. 2(a)) To ensure giogonformal contact and avoid variation
in the residual layer thickness requires the useghf imprint pressures (up to 20 bar) in
NIL*® or a small stamp area (max. ~83in UV-NIL".

» A particle can cause damage to the expensive stasybstrate and lead to an exclusion
area where no patterns are imprintéd(Fig. 2(b))

* Features can become partially filled with resist tluthe trapping of air inclusions or
restricted resist flow®*® (Fig. 2(c))

* Once the resist has hardened the rigid stampadacked with a rigid resist pattern. To
initiate release a substantial initial force halse¢@pplied to the stamp. The release front
then moves at a high speed which can cause dancafee tstamp or imprinted
features™'® (Fig. 2(d)) Additionally, lateral movement of tek@mp during release can
cause additional damage to features in the stamgsst.

* To prevent chemical adhesion of imprint resisti® $tamp a non-stick mono-layer is
applied to the stamp. During imprinting this layezars off or gets damagét™® This
requires the frequent re-application of the nookstig layer.

* If a stamp becomes contaminated by an imprint ddfearticle, resist) it has to be
cleaned using harsh chemicals to remove the haddesest:’

* The large thermal budget of NIL and the limitedngtaarea of UV-NIL limit the
throughput, which is a disadvantage for large-ardastrial applications.

To avoid some of the disadvantages of having tgil plates in conformal contact, several
possible solutions have been investigated. To rmaithe nanometer resolution a relatively thin
rigid layer holding the patterns is backed by a ewimt flexible support layéf:** The
advantage of this geometry is that the stamp caonamodate to substrate bow and can be
removed in a peeling-like manner which reducesebaired forces. A different solution that has
been developed is to each time mold a new thick-sgid polymer stamp from the master using
a UV curable liquid resist This polymer stamp is subsequently used to makeroprint on a
wafer after which the stamp is discarded. In thay the master is protected against damage to

@ (b)

Figure 2. Schematic representation of defects wbaztur in NIL and UV-NIL nanoimprint. (a) Partiabotact of
the stamp with the wafer. (b) A particle prevemstact between stamp and substrate over an ared tiraps the
particle size. (c) Incomplete filling of featuréd) Breaking of an imprinted resist feature whiemains attached to
the stamp.
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particles. This is a costly solution and furthermat still requires high imprint pressures to
contact a whole wafer which deforms the stamp aard damage the wafer if particles are
present?? Also, both methods have two rigid interlocking tpats which are sensitive to
damage on release of the stamp from the pattessést and require anti-sticking layers.

While the rigid stamp itself causes several proBlemm discussed above, the corresponding
organic resist or hybrid organic-inorganic mater@lso have limitations as these materials are
not light and temperature stable. Furthermore, #reyeasily consumed in a reactive ion etch
(RIE) proces$? For these materials to be used as an etch maskaasfer pattern, requires the
deposition of extra layer which serve as hard ntaflore imprinting or an inverse imprint
process which covers the imprinted polymer witfiliaan containing resist.

Despite the major advances in the field of hardhgtmanoimprint lithography over the last
years, the basic problems sketched above havetsetsi hese have hindered nanoimprint to be
used on a large scale outside a research or pdewgtron environment.

1.2 Soft lithography

As an alternative to (UV-)NIL using hard stampslssussed above, “soft” lithography has been
developed” This technique uses a soft stamp made from adligilicone rubber, which is
poured over a master pattern and thermally curé &C to form a rubber, poly-di-methyl-
siloxane (PDMS) stamp, which it is peeled fromthester. This silicone rubber is transparent
for near-UV and visible light and temperature stalp to ~200 °C. A soft stamp can easily make
conformal contact over large areas, is less sgagitidamage by particles or stamp release and
multiple stamps can be made from one master attsi

However, soft stamp cannot be used to imprint featwith nanometer resolution as the
nanometer sized rubber features are too flexibteahiapse under the influence of surface
tension>> 28 Furthermore, the replicated patterns display anpldistortion due to the elasticity
of the stampg>°

1.3 Substrate Conformal Imprint Lithography

Substrate conformal imprint lithography (SCIL) mdiuced in this thesis uses a composite stamp
composed of two rubber layers on a thin glass supp® The patterns are molded in a thin
layer made from a new type of stiff silicone rubtieat we introduce, which allows for accurate
replication of nanometer-sized structures. Thigtag glued on a thin glass plate by a soft
silicone rubbef®** The thin glass is flexible in the out-of-planeadition, which allows
conformal contact to be made. The stamp can bevednfsom the master in a peeling like
manner with low force, while the in-plate stiffneddhe glass sheet avoids pattern distortions.
SCIL combines the resolution and accuracy of rgjamps with the flexibility of soft stamp
methods.

Wafer scale imprints are made using the SCIL setlijch uses local pneumatic pressure to
stepwise form full contact on a wafer coated wisiliga based liquid sol-gel resist. After the

resist has hardened the stamp is released in atlsnpeeling-like action by a step wise

application of vacuum.
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Figure 3. Examples of SCIL imprinted sol-gel patitethat will be discussed in this thesis. Fromtlefight: cross
section of 150 nm pitch grating of 25 nm wide, @80high silica lines; sol-gel dots spaced 30 nmrawéh a sub
10-nm spacing; and a pattern which is imprintedravearticle contaminant which was present on thiestrate,
demonstrating substrate conformal imprinting.

The SCIL technology has multiple advantages ovehaus which use rigid stamps.

» Conformal contact can be made over large areasutithe use of a high pressure as the
flexible stamp follows the substrate curvature.

* Micro scale air inclusions and partially filled faees are avoided as silicone rubber has a
high permeability for solvents and gasses whicbvadltrapped air to diffuse into the
stamp®

» Particle contaminants are less problematic asubbear can locally deform around a
particle avoiding damage to the stamp or substrate.

* Release of a rubber stamp from a rigid imprintetiepa is aided by the fact that the
rubber temporarily deforms on release. This avda®age to features in the resist or
stamp. This enables the replication of feature wihigh aspect ratio, in contrast to
(UV-)NIL in which the aspect ratio is often limited below 1°

* PDMS has an inherently low surface energy andesnitally non-reactive and therefore
an anti-sticking layer is not needed.

An essential advantage of PDMS stamps is that tagybe used to pattern fully inorganic
material systems. In this thesis we develop a nimeeganic silica forming imprint resist based
on the sol-gel rout®3’ This material allows direct patterning of silicomide glass with
nanometer resolution. This material can be direaigd as hard mask in RIE processes to
transfer patterns into an underlying layer withhhiglelity. Furthermore, due to the light and
temperature stability of imprinted silica it camaditly be used in (optical) applications. Figure 3
shows examples of SCIL imprinted sol-gel patterhgctvdemonstrate the high resolution and
robustness of the technique introduced in thisishes

1.4 SCIL application scope

The work in this thesis has been conducted in dnstrial research laboratory with a focus on
bridging the gap between research and applicafsnwill be shown, the SCIL technology
potentially allows economic patterning of high-fitlepatterns with nm resolution over large
areas. This is of interest for applications sucpragonic crystal LEDs and organic LEDs, lasers
and bio-sensors. SCIL enables at the same tinsulg of fundamental research topics, which
are otherwise difficult to study due to the reqdilarge area nanopatterns, examples of which
are light management in photo-voltaft¥, plasmonic phenomena in nanostructured métats
optical meta-materials, (bio)sensing, optical angés, quantum optics and templated nano-wire
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growth*2. Other research areas that require large-areatrantures and which can benefit from
SCIL are discrete magnetic storatyetegrated photonics, organic electronics, miaidics and
many more.

Applying SCIL to nanophotonics serves two purpogest of all by integrating nanoscale
features using SCIL on optical devices such as IskE@sers and solar cells we demonstrate the
versatility of the SCIL technique. Second, by dethoptical characterization of these imprinted
structures, we obtain information on the accuraciraproducibility of SCIL imprinted patterns.

1.5 Outline of this thesis

This thesis describes experiments and calculatitisthe aim to understand the underlying
processes in SCIL, to demonstrate large-area hafgtitfy imprinted structures with nanometer
resolution, and to apply this in nanophotonics.

In Chapter 2 we first describe the SCIL soft-narmint process in detail. We introduce a
novel silica sol-gel imprint resist and study thel-gel chemistry for optimal imprint
performance. Feature instabilities in soft stam@srmaodeled and a new soft rubber stamp
material is developed which enables sub-10 nm wésal in imprinted sol-gel features. The
SCIL imprint technology is explained and charackedi We show that a replicated silica grating
with a pitch of 3um exhibits an average pitch variation over aZ5mm area that is less than
0.1 nm. We demonstrate overlay alignment betweer8@iL imprinted layer with an accuracy
below 50 nm.

Chapter 3 demonstrates the versatility of the SGHhft-nanoimprint method
demonstrating patterns on a pitch of 30 nm witpaceg as small as 6 nm. Isolated patterns
with an aspect ratio up to 5 are also shown. Vedgwrating lines with an aspect ratio of 1/640
are demonstrated which are planarized to withim2We show that imprinted sol-gel patterns
can be transferred into underlying materials wimggntaining sub-10 nm resolution. Imprinted
sol-gel patterns can serve as a hard mask to pat@terials such as silicon, quartz, GaN, and
Cr. We demonstrate homogeneously imprinted pat@ras 150 mm diameter wafers and use
the etch selectivity between the sol-gel silica sitidon to invert the pattern tone on a full wafer
scale. Two new methods are demonstrated which dileyatterning of noble metals in particle
arrays and sub-wavelength hole arrays. We also dstmade that SCIL can be used to pattern a
non-continuous substrate, by fabricating photonystal InGaN LEDs.

In Chapter 4 we demonstrate a relatively simpléertawards 3D woodpile type photonic
crystals using SCIL. A process is developed in Wineprinted silica gratings are made that then
are planarized with a polymer by a surface energyed process. This process is repeated to
produce a 3D multi layer structure. After removéltite polymer an open silica four layer
woodpile type structure is left with 70 nm widetig@s on a 240 nm pitch, which is temperature
stable up to 1000 °C.

In Chapter 5 we introduce single-mode polarizastabilized Vertical Cavity Surface
Emitting Lasers (VCSELSs) which are used for optioaltion detection in e.g. laser computer
mice and hold future promise for microscale atottocks. We study the enhanced polarization
stabilization mechanism of an embedded gratingexad the VCSEL laser mirrors. We compare
polarization stable VCELSs produced by SCIL and arbvdéithography. The SCIL lasers exhibit
identical opto-electronic behavior and show thatigyrint process has the same high fidelity as
conventional e-beam lithography. Furthermore, weeSGIL to produced gratings with a pitch
well below the laser wavelength, which cannot ecoically be produce using e-beam
lithography due to the increased writing time. Tehgsatings do not show diffraction and
therefore increase the laser efficiency by 29 %man@d to conventional diffractive gratings.
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Chapter 6 demonstrates a novel fabrication routege-area arrays of nanoscale holes in
a metal film. Hole arrays find application in cofdters and (bio)sensors. Optical spectroscopy
shows extraordinary transmission peaks attribud@dupling of surface plasmon polaritions to
the array. Using multiple sol-gel layers a solidtstindex-matched nanohole array is realized
which broadens the transmission peaks and furthteareces transmission.

Chapter 7 studies the improved red absorption imfttm hydrogenated amorphous
silicon (a-Si:H) solar cells. The solar cells ar@d®a on a SCIL-structured silver back reflector as
well as a smooth silver mirror for reference. Theshed photovoltaic cells have an active
silicon layer thickness of 500 nm. The energy cosioa efficiency of the patterned cells is
6.2 %, an increase of 26 % over the smooth refereelts. This increase is due to an increased
short circuit current, which is due to enhanceagtion in the 600-800 nm wavelength range.
The patterned mirror diffracts non-absorbed light ioff-normal angles, thereby increasing the
optical path length and carrier generation ratééncell.

In Chapter 8 the performance of ultra-thin silicsiar cells is studied for different
plasmonic back reflector mirror geometries. Incregthe performance of ultra-thin silicon solar
cells leads to cost savings and moreover, thim$aithlayers suffer less of the Staebler-Wronski
photo-degradation mechanism. We use SCIL to patebstrates which a large variety of
nanopatterns on which thin film a-Si:H solar calle processed with a thickness of 160 and 340
nm. A 160 nm thick silicon cell is also made ondamly textured glass. The best patterned cells
with 160 nm thick silicon exhibit an energy conversefficiency of 6.6 %, equal to that of the
best thicker cells and 37.8 % better than flasc&lucially, some regular patterns exhibited an
improved efficiency over cells made on randomlytdesd glass, which we attribute to efficient
coupling of backscattered light to waveguide maddke active silicon layer of the cell.

In summary, this thesis demonstrates the top datication of large-area nanoscale patterns by
Substrate Conformal Imprint Lithography (SCIL) tlase used to demonstrate lasers, LEDs,
plasmonic hole arrays and solar cells with impropedormance.
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Chapter 2

SCIL soft-nanoimprint of sol-gel materials

In this chapter we describe the SCIL soft-nanoimprocess using silica sol-gel resist. The sol-
gel chemistry and resist is discussed and a sysitew@atimization of sol-gel parameters is
described. The cause of feature collapse in safhgs$ is investigated and a solution to this
problem is given. We demonstrate a systematic stmggrds to a new high Young’s modulus
PDMS rubber of which the synthesis and charactioizas described. The SCIL tooling and
composite stamp fabrication is described. The S@thod is characterized by measurements of
the replication quality and induced pattern defdrames. A procedure to obtain highly accurate
overlay alignment is described and experimentpar®rmed to determine the overlay accuracy
of the SCIL process.
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2 SCIL soft-nanoimprint of sol-gel materials

2.1 Introduction into sol-gel soft-nanoimprint

In soft-nanoimprint lithography a rubber stamp witmoscale patterns is applied to a liquid
material. The liquid subsequently reacts to forsolad material, which transfers the nanoscale
patterns. Ideally this material is temperaturelstathemically inert and resistant to visible and
UV light. These requirements can be met using ebkgemistry. In this method a solution of

metal (alkoxide) precursors is applied to a substndere it reacts to form a gel, which after
drying turns into a solid. With sol-gel chemistryvade range of metal oxides can be formed,
based on e.qg. silicon, germanium, boron, titanzirmpnium, hafnium, niobium, lanthanum, lead

and tantalunt:? Typical layer thicknesses that can be made ramge 10 to 500 nm.

Figure 1 shows the characteristic processing stegas-gel nanoimprinting. First a thin layer of
silica sol-gel imprint resist is applied on a sudite. Next a patterned silicone rubber stamp made
of poly-di-methyl-siloxane (PDMS) is applied to thguid layer (Fig. 1(a)). The filling of the
features is greatly influenced by capillary foressdepicted in Fig. 1(a). Remaining air in the
features diffuses into the rubber. Next, solverds@moved by diffusion into the stamp and the
volume loss due to removal of the solvents is cameated by material flow under the stamp (see
Fig. 1(b)). Simultaneously the silicon oxide presars react with each other, forming an
inorganic network of silicon-oxygen-silicon bondehe reaction products of the network
formation are water and alcohols, which also défurgo the rubber stamp. The viscosity of the
liquid increases as this network is formed. Evelhywiagel is formed and further material flow is
not possible anymore (see Fig. 1(c)). The gel eostalcohols and water which are removed
from the sol-gel layer by diffusion into the stankrther formation of the inorganic network
transforms the gel into solid silicon oxide glaBsy( 1(d)). At this stage the stamp can be
removed, which leaves a replica of the original teigattern. Using this procedure large areas
of micro- and nanostructured silica can be madeplsi by manually applying a rubber stamp.

After patterning, a sintering step of typically 10000 °C is used to densify the material. The
densification during sintering of as-prepared saligyers to fully dense coatings can typically
range from 2 up to 10 fold. This leads to the bujdof a tensile mechanical stress in the layer
which can lead to the formation of cracks in the fiThicker layers lead to higher stress build-
up, which limits the layer thickness that can belenaith the sol-gel method. When a sol-gel
layer is structured, the sol-gel patterns will aefalue to the densificatiof’

Much effort has gone into developing fully orgamied hybrid organic-inorganic material
systems that do not experience this high shrinkagetherefore can be patterned with high
fidelity using (soft-)nanoimprint techniqués!

(d) (e)

Figure 1. Schematic of the sol-gel imprinting pregga) a solution containing alcohol, water anitsin sol-gel

precursors is brought in contact with the silicarbber stamp, (b) features fill due to capillarydes, solvents
diffuse into the stamp and material flow compersstite volume loss, (c) the precursors react, fognaiminorganic

Si-O-Si network and eventually a silica gel, (dnegning liquid is removed from the gel and furtimetwork

formation takes place, transforming the gel inteadid silicon oxide glass. (e) The stamp is remdeeating a

replica of the original master pattern.
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2 SCIL soft-nanoimprint of sol-gel materials

However, the disadvantage of these materials ishibg are not light and temperature stable and
therefore also cannot be directly used in optipaliaations. Therefore these materials are not
further discussed.

In this thesis we develop a novel inorganic crasisthg imprint resist via the sol-gel route that
leads to films with minimal shrinkage and no crackilt is based on silicon-oxide sol-gel
chemistry and involves only a minimal amount ofamg components. These materials can be
patterned at room temperature and low pressur#ésésiigh fidelity nanoscale features which
are resistant to visible and UV light and are terapge stable.

2.2 Silicon based sol-gel chemistry and synthesis
2.2.1 Basic silicon sol-gel chemistry

The base component in silicon sol-gel chemisttiyadiquid alkoxide tetra-methyl-ortho-silicate
(TMQOS), Si(OCH)4, see Fig. 2. This precursor can partly or fullgatewith water (hydrolysis)
to yield methanol and a silicon hydroxyl group (§8HsSi-OH. Two silicon hydroxyl groups can
react under release of water (condensation) to ostable Si-O-Si bond, the basis of a silicon
oxide glass. In practice TMOS is mixed with alcoaotl water that is acidified to catalyze the
hydrolysis reaction. The (partly) hydrolyzed TMO&csubsequently follow several reaction
paths towards condensation. Simultaneous with yieotysis, condensation takes place and
larger molecules are formed consisting of silictomas bound by oxygen and terminated by OH
or alkoxy end groups. The formed molecules carthemdinear or branched as TMOS has four
reactive groups per silicon atom.

In Table I the possible reactions are listed witiah proceed during hydrolysis of TMOS and
subsequent formation of a solid layer. Reaction8 &re equilibrium reactions. The final ratio
and concentration of different reactive groups degeon the initial concentration of all
reactants, pH and temperature. In general, elevataderatures and acid or basic conditions
promote hydrolysis and condensation reactigis.

1.  hydrolysis Si-(0O-Ch) + H,O - Si-OH + HO-CH

2. esterification Si-OH + HO-CH - Si-(O-CH) + H,O

3. substitution Si-(O-Ck) + HO-GHs PR Si-(O-GHs) + HO-CH;
4.  condensation Si-OH + HO-Si - Si-O-Si + HO

5. alkoxolation Si-OH + Si-(O-Chl - Si-O-Si + HO-CH

Table I. Reactions of silicon alkoxides during gel-hydrolysis and film formation. Reactions 1,ril&88 are
equilibrium reactions, the environment determirneshialance in the reactions. Reactions 4 and 5 thmsilicon
oxide network.

OCH
HCO — Si — OCH
OCH,

Figure 2. Chemical formula of tetra-methyl-orthdiesite (TMOS).
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2 SCIL soft-nanoimprint of sol-gel materials

When a mixture of TMOS with alcohol and water i®akd to react so that it has reached a
certain degree of hydrolysis and condensatiomntsubsequently be used to form thin films on a
substrate by spin coating. During and after spigrmhthe hydrolysis mixture alcohol(s) and
water are removed from the liquid by evaporatiohjolv promotes formation of the silica
network. The degree of hydrolysis and condensati@hydrolysis mixture determines the type
of solid layer that is formed:

1. Low degree of hydrolysis.

During hydrolysis a small fraction of the alkoxidegdrolyses and as a result the degree of
condensation is low. When a coating is prepareah ftus mixture and the gel state is reached,
the layer contains a high amount of alkoxide grotpdurther form the network these alkoxides
form Si-O-Si bonds by undergoing hydrolysis anddmsation in the layer when it is in the gel
or solid state. This leads to volume loss and dhm&tion of pores due to the leaving alcohols
and water as the network has already formed. Duhedinal drying phase the gel forms a
porous layer or the gel collapses under capillargds leading to the formation of cracks in the
layer.

2. High degree of hydrolysis.

If the hydrolysis degree is high, the condensatiegree will be high and an extensive 3D
inorganic network forms in solution. During dryitigs will lead to gel formation in an early
stage, when most of the alcohol and water arepsgent. Thus the solid content of the gel is
low. During drying of the gel the network collapsasder capillary forces, which leads to
porous, cracked coatings.

Consequently, both low and high degree of hydrelgsil-gel layers will undergo a strong
shrinkage (80-90%). When such a sol-gel systenatiemed by soft imprint lithography, the
final printed patterns will undergo strong shrinkagausing a strong deformation of the original
pattern®>® The hydrolysis and condensation degree can alsoohgolled by addition of
complex-forming ligands organic components sudxcasylacetone, which stabilize the silicon
in solution and prevent condensati8iHowever these relatively large organic molecutes a
incorporated in the layer and must be removed fteviormed layer by annealing, which again
leads to excessive volume loss. In conclusiongsblsystems based solely on pure metal
alkoxide precursors will always lead to high shégg as there is not enough control over the
network formation in these systems. An additiorsabmeter is therefore needed to control the
network formation. Here we use organically modifséiccon precursors in the sol-gel route to
influence the degree of condensation.

2.2.2 Organically modified silicon precursors

A different way of tuning the condensation degreeross link density of silicon based sol-gel is
to use organically modified silicon precursdfé° These organo-silanes have at least one carbon
atom covalently bound to silicon. In principle tigkes it possible to link almost any organic
group directly to silicon. We used the simplestamig alkoxide, methyl-tri-methoxy-silane
(MTMS), CHs-Si(OCHg)3, which is similar to TMOS, but has three reactik®xide groups and

a methyl group, see Fig. 3. The methyl group of M Nbes not participate in the inorganic
network formation. Layers that contain MTMS carubed for optical purposes as cured MTMS
layers do not absorb ultra violet, visible or ne&ared light. Moreover, the silicon-carbon bond

in MTMS is temperature stable up to 450 °C in air.
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2 SCIL soft-nanoimprint of sol-gel materials

OCH;
HsCO — Si— CH;
OCH,

Figure 3. Chemical formula of methyl-tri-methoxiase (MTMS).

Substituting part of the TMOS precursors by MTM8vides an additional parameter to tune the
degree of cross linking. This tunable cross lingrde of a hybrid TMOS-MTMS sol-gel mixture
can potentially lead to a gel point at a higherosartration of silicon precursors. This would
result in a less porous material and less shrinkégfee final structures.

2.2.3 Synthesis of TMOS-MTMS hydrolysis solution ath sol-gel imprint resist

Hydrolysis and imprint experiments were performsithg various TMOS to MTMS ratios. The
sol-gel imprint resist is synthesized in two stépst the sol-gel “hydrolysis base” is synthesized
by controlled hydrolysis and condensation of TM®@8 BITMS in a water and alcohol solution
under acid conditions. Hydrolysis and condensatagtions are exothermic and therefore the
hydrolysis is performed in a temperature controlleder bath. Typical hydrolysis times are 10
to 120 minutes. The hydrolysis time is increasethigher MTMS to TMOS ratios. We observed
when short hydrolysis times are used with pure MTtMS does not form a continuous thin layer
on a substrate without breaking up into droplets.atéribute this to a lower hydrolysis rate and
crosslink degree of an MTMS hydrolysis mixture, §ibly due to sterical hindrance of the
methyl group. The following procedure is used im $lgnthesis of mixtures with varying TMOS
to MTMS ratios.

1. TMOS and MTMS are mixed in the appropriate maoddio.

2. Per mol of silicon 0.33 mol of n-propanol is addo increase mixability with water.
3.  Water is added to a ratio of 1 mol water per afalkoxide present. This water was acidified with
1 mol per liter formic acid.

A temperature controlled heated water bathésl tis control the temperature between room
temperature and 50 °C.

The mixture is allowed to react for 10 to 120utes.

After the reaction time the mixture is cooleddom temperature.

Water is added to reach 9 mol water per mollicbs in the mixture.

n-propanol is added to dilute the hydrolysistea concentration of 0.78 mol Si / kg hydrolysis
mixture.

9. This mixture is kept at room temperature fom#iiutes and is subsequently stored at -25 °C.

e

©@No o

Table 1l. TMOS-MTMS hydrolysis recipe.

Dilution with alcohol and storing at -25 °C stopsndensation reactions, but substitution
reactions do proceed. The hydrolysis mixture eqguailibrium after about 24 hours. The pot life
of these hydrolysis mixtures is at least half aryalaen stored at -25 °C.

In the second step a sol-gel imprint resist sofuisgrepared from this mixture. Equal parts (by
weights) of hydrolysis base material and n-propaoataining 2.0 weight percent 2-(2-butoxy-

ethoxy)-ethyl-acetate (BEEA) are mixed. This resirta resist which contains 0.39 mol Si/ kg
solution. BEEA is a linear a-polar molecule whiaed not participate in sol-gel reactions. Due
to its low vapor pressure (0.01 mBar at room temjpee) BEEA remains in a spin-coated sol-
gel layer after water and alcohols have evaporétenvers the viscosity of the sol-gel layer and
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2 SCIL soft-nanoimprint of sol-gel materials

allows up to 5 minutes between spin coating of gbkgel layer on the substrate and the
application of the PDMS stamp.

Using spin coating a layer with a typical thickness 100 nm is applied on a silicon substrate.
To ensure good wetting and adhesion of the sdlagel the substrates are cleaned prior to use
by an oxygen plasma (barrel geometry, 200 W, 0.amBmin.). The spin coater is equipped
with a co-rotating lid, as this allows the layeth to the correct thickness without changes in
viscosity due to solvent evaporation. A three-stgge coat cycle is used that will result in a sol-
gel layer of ~100 nm thickness. A typical spin coatle is described in Table 11l

1. openld 100 rpm, 10 sec. low speed resist apidin
2. closelid 500 rpm, 10 sec. thinning of the resihigh speed
1000 rpm, 2 sec. removal of thick liquid on sudist edge
3. open lid 300 rpm, 5 - 30 sec. pre-drying: evapon of water and alcohols

Table 1ll. Three stage spin coat cycle which resirta sol-gel layer of ~100 nm.

During the drying step most of the alcohol and wat@porate while the BEEA remains in the
sol-gel coating. It is estimated that after thamlyystep the amount of BEEA left in the sol-gel
layer is ~34 volume percent, assuming the dendithe silica sol-gel to be 1.3 g/énithe
density of silicon oxide is 2.6 g/chn

2.2.4 Imprint results for varying TMOS:MTMS hydroly sis ratios

Within one minute after spin coating the sol-ggfelais imprinted using a patterned PDMS
stamp. The stamp is left in contact with the sdltgdet the remaining BEEA and reaction
products of the condensation reactions diffusetimtd®DMS. Typical imprint times are 10 to 30
minutes. During the imprint time the sol-gel forasigid glass-like structure that does not
deform during removal of the stamp, nor does ibdefdue to surface tension after the stamp
release. The stamp is removed from the hardenegestdyer by gently pealing it from a side.

In Table IV an overview is given of imprint expeents with sol-gel hydrolysis mixtures of
varying TMOS:MTMS ratios. The organic fraction (€gtoup of MTMS) is calculated using the
molar weights of fully condensed TMOS (%i© 60) and MTMS (Si@sCH; = 67). The
maximum crosslink degree of a sol-gel network iswated by taking the mole average cross
link numbers of TMOS (4) and MTMS (3). The imprisults are examined by scanning
electron microscopy (SEM) and atomic force micrggo@FM) to determine the quality of the
imprinted patterns.

TMOS:MTMS | Maximum crosslink| Organic fraction| Sol-gel replica quality

ratio degree (wt. %)

1 . 0 4 0 No replica obtained

1 . 05 3.67 8.0 No imprint / high shrinkage during imging
1 1 3.5 11.8 One to one copy of original pattern

05 1 3.33 15.5 One to one copy of original pattern

0 1 3 22.4 One to one copy of original pattern

Table V. Overview of different TMOS:MTMS ratiogdisn imprint experiments. Organic fraction reféosthe
methyl group of MTMS. The maximum cross link degresecalculated from the mole average crosslinkeke ¢
for TMOS and 3 for MTMS).
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2 SCIL soft-nanoimprint of sol-gel materials

height (hnm)

Figure 4. AFM measurement of grating pattern impaéhin a sol-gel resist with a TMOS-MTMS ratio @£.%. The
features in the stamp are not correctly replicatethe sol-gel: the grating height in the stam@@snm while the
height in the sol-gel replica is between 10 anchg0

We find that sol-gel mixtures with an MTMS contéggs than 50% can not be patterned with
high fidelity. For a TMOS:MTMS ratio of 1:0.5 feags in the stamp can not be transferred into
the sol-gel at all, or the resulting sol-gel featheight was only 10-20 nm, while the feature
height in the stamp is 70 nm. This is illustratgdh®e AFM scans in Fig 4. We find that mixtures
with a MTMS content above 50%, corresponding tma%:link degree3.5 (see Table IV), can

all be patterned with high fidelity. Given that thriggyanic content must be kept as low as possible,
e.g. for optical and thermal applications, we cadelthat a one-to-one molar ratio for TMOS to
MTMS is optimal.

2.2.5 Post cure shrinkage of imprinted sol-gel pagtns

We determined the shrinkage of imprinted sol-gééra€uring at 200 °C and sintering at
1000 °C. We used gratings with a pitch of 240 nat #re patterned on silicon substrates using
sol-gel with a TMOS-MTMS ratio of 1:1. The shapedasize of the grating patterns is
determined by SEM. Figure 5 shows the patternegyalotlirectly after imprinting at room
temperature (a), after curing in air at 200 °Cdbdl sintering in air at 1000 °C (c). From the
SEM images it is found that after curing at 200tR€ shrinkage is 9 % in width and 6 % in
height; after sintering at 1000 °C the total shaigd is 14 % in width and 18 % in height.

(a) RT | e——LL 1]

¥ &‘ ‘ 16

H79.10m Hedanm

Figure 5. SEM cross section images of grating stmes imprinted in a 1:1 TMOS:MTMS sol-gel layetieafa)
imprinting at room temperature, (b) curing in ait 200 °C and (c) sintering in air at 1000 °C. Tha-gel lines
densify and shrink at higher curing temperatures thuincreased cross linking and removal of megihgups by
oxidation (> 450 °C). These combined processes vemano-pores in the material.
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The densification at 200 °C is attributed to furtbendensation and removal of nano-pores.
Above 450 °C the methyl group of MTMS is oxidizendaforms a Si-OH group which can
subsequently further condensate, causing addittamadification. The sol-gel reaches the density
of fused silica at 1000 °C, which we confirmed Bypsometry measurements on planar 100 nm
thick sol-gel layers. The rounding of the corndyseryved at the bottom of the features is due to
influence of the substrate, which does not shianki, prevents sol-gel shrinkage in width close to
the substrate. The residual layer under the imgulisbl-gel gratings is initially ~5 nm thick.
After sintering at 1000 °C in air a ~30 nm thickcsin oxide layer has formed due to thermal
oxidation of the silicon substrate.

2.3 High resolution poly-di-methyl-siloxane stamp raterials

Poly-di-methyl-siloxane (PDMS or silicone rubbes) an excellent material to use in soft
lithography stamps, as first demonstrated by Witdéset al They showed that PDMS is able to
replicate (sub)-micro meter structures. Due teetwe of use, PDMS has become the material of
choice in soft lithography applications as micravaet printing, micro-transfer printing, replica
molding, transfer molding, efcThe properties of this inorganic-organic polymes iaeal for

soft lithography: the low Young’s modulus enablesformal contact on substrates and the
rubber can be formed at room temperature. More®2KS is chemically inert, non-toxic, bio-
compatible, has a low surface energy and has l@gherbility for gasses and solvents. Finally,
PDMS is transparent in the wavelength range of +80Go ~ 3 um.

Patterned PDMS stamps are formed by molding aiveg®to-component PDMS system from a
master pattern. This is usually a silicon wafetgraed by standard semiconductor lithography
processes such as optical lithography, electrombigaography in combination with etching or
focused ion beam milling. PDMS stamps can alsoikecitly molded from patterned resist
materials.

To aid release of the rubber stamp from the mastersurface of the master is made non-
reactive towards PDMS. To do so, the surface isifeodwith a reactive organo-silane
containing a fluorinated tail using the vapor phasgosition method. In this process the master
is placed in a vacuum oven at 50 °C. Next a fewslaf 1,1,2,2H-perfluorodecyl-tri-chloro-
silane are placed in the oven and the system iinemusly pumped to ~TbmBar for at least 16
hours?*?*The chloro-silane passivates Si-OH and Si-H graupthe master which otherwise
react with PDMS. The long fluor-modified chainsghtd form an inert closed layer as the chains
form a densely packed mono-layer. This passivagftect is verified by measuring the contact
angle of a droplet of de-ionized water on a fliten surface; for low sticking of PDMS to
silicon the advancing contact angle has to beerrdéimge of 110-118°.

PDMS rubber is made by mixing and de-gassing adwaoponent PDMS system which is
poured on the master pattern. The liquid PDMS flows the spaces around the features in the
master. A thermally activated cross link reactionwerts the liquid in a rubber with the inverse
shape of the master. Typical curing conditionsZédours in an oven at 50 °C. The rubber
stamp can be released from the master by gentl@ge€he master remains unchanged and can
subsequently be used to replicate additional PDist8zs. The most widely used silicone rubber
materials in soft lithography are Sylgard 184 fioow Corning and Elastosil 601 from Wacker
Chemie. These materials can be cured from roomeeatyore up to 150 °C and form transparent
PDMS rubbers with a Young’s modulus between 1 akiiPa, depending of curing temperature
and time.
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2.3.1 Pattern instability in soft stamps

The advantages of soft stamps are: inexpensivg, teasbricate and conformal contact on
substrates. They also require low force to reldasstamp from an imprinted pattern. However,
a disadvantage of soft stamps is that as feat@esne smaller, the surface-to-volume ratio
increases and surface tension causes roundingugd shrners. To illustrate this, Fig. 6 shows
tapping mode AFM phase images of PDMS pyramids nieata rubbers with a Young's
modulus of 2.5 MPa (a) and 8 MPa (b) that were elidom inverted pyramids etched into a
Si<100> master using etching by KOH. The KOH et¢hedifferent crystal planes of silicon at
different rates and produces atomically sharp edgesFig. 6 shows, these edges can be
observed in both PDMS stamps, but in the softeenat(Fig. 6(a)) the corners are rounded
under the influence of surface tensfn.

A second disadvantage of the use of soft (low Y&mpdulus) stamps is that adjacent features
can stick, leading to collapse of a stamp patt&€ms is not an issue in isolated nanoscale
features, for which PDMS has been successfully.&s@dHowever, collapse of patterns is an
issue in dense patterns such as gratings and pbotgstal patterns in which the lateral feature
size is comparable to the pitch. The so calledimmgithe sticking of individual features, is
schematically shown in Fig. 7(a). The instabiliffP®MS stamps is being studied extensively,
both theoretically and experimentally, as it iafthe limiting factor in the spatial resolution of
soft lithography?'

Patterns become permanently paired if the elas@ogy which is stored in deformed features is
less than the energy gained by the reduction ddserenergy at the contact area between two
features. In Fig. 7(b) tapping mode AFM height dathown of a collapsed grating with 115 nm
high, 80 nm wide lines on a pitch of 240 nm. A 240 pitch pattern is schematically indicated
by the dots in the cross section, which clearlyshthat the grating lines have become paired.
Figure 7(c) shows a SEM image of the same gralirgearly shows regions in which two and
three individual grating lines have paired.

Figure 6. AFM measurements (tapping mode phasenration) of PDMS replicas made from a pyramid stioe
formed by KOH etching of silicon. (a) Sylgard 182\PS with a Young’s modulus of 2.5 MPa, (b) H-PDM& &
Young’'s modulus of 8 MPa. The base of the pyrami@snicron.
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Figure 7. (a) Schematic of paired grating featui@} AFM data: 2D height profile and line scan penglicular to
the grating lines. The dot pattern schematicallgvgb a pitch of 240 nm. (¢) SEM image of H-PDMSiggatf 115
nm high, 80 nm wide lines on a pitch of 240 nm.grlaéng has collapsed and 2 or 3 individual lirstiek together
(indicated by the white circles). The scale ba¢dhis 2 pm.

We explored several routes to restore collapsedrest fluor modification of the PDMS surface
to lower the surface tension, washing with low acef energy solvents such as ethanol/iso-
propanol, washing with water containing a surfatfaand super critical COwashing and
drying. The last method avoids capillary forcedeatures during drying. None of these methods
leads to restoring of the collapsed grating pastefhe data shown in this section clearly shows
that soft stamp made from standard PDMS materilictwis routinely used to soft-imprint
micron scale features, cannot be used to fabrstaietures with high density and small feature
sizes.

2.3.2 Calculation of feature stability in PDMS starps

The stability of features against collapse depemndbte pattern geometry and dimensions. Using
a continuum mechanical model described in Ref. 82alculate the elastic deformation energy
and reduction of surface energy per unit gratirgffwior two lamella making contact as depicted
in Fig. 8. The elastic energy required to deforfeaure is given by: L= E-&£/2<, with a, t
and s as indicated in Fig. 8 and E the Young’s rmdurhe surface energy gained by the
reduced surface area is given by:%)-2y.-d, with d the height of the contact area snthe
surface energy. If the surface energy gained dweltapse is less than the energy required to
deform the features (2U 2U; > 0) the patterns are stable towards lateral psdaWe use the
surface energy of water (80 mJjminstead of PDMS (~20-25 mJ)nbecause during the
imprinting of sol-gel water is present, which camdense and increase the surface energy of the
stamp.
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Figure 8. Schematic of a paired grating with theutcteristic dimensions: feature width (t), heigh}, contact
height (d) and spacing (2a).

Figure 9(a) shows the calculated values 0f-2Us as function of d/h for a grating with low
aspect ratio (t=160 nm, h=115 nm, a=40 nm) andunyg® modulus of 11 MPa. As can be seen,
for the low aspect ratio grating collapse is nargetically favorable.

Figure 9(b) shows calculations for geometries wéthuced spacing (a=15 nm) and increased
aspect ratio (1.5 or 2) using a Young’s modulus@EMPa. A stable geometry is found for 60
nm pitch grating with 30 nm wide, 45 nm high lineewever if the aspect ratio is increased to 2
(60 nm high lines), a negative energy is found adod/h ~0.35 and the features will collapse.
Figure 9(c) shows calculations of the minimum vadfi¢he elastic energy minus the surface
energy for gratings with a aspect ratio of 2 aradiufee height equal to the grating pitch. It shows
that for a rubber with a Young’s modulus E=11 MRa grating will become unstable and

collapse below a pitch of 200 nm. For a rubber \Eti40 MPa the gratings are predicted to be
stable down to 50 nm pitch.
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Figure 9. Calculated elastic/surface energy for selapsed grating lines with different height, thigspacing and
Young's modulus. (a) height 115 nm, width 82 nr, r## pitch and E=11 MPa (low aspect ratio geomethy)
height 45 nm, width 30 nm, 60 nm pitch (aspecoratb) and height 60 nm, width 30 nm, 60 nm piasipéct ratio

2) both with E=20 nm. (c) Minimal (2Ue-2Us) as ftian of grating pitch. Gratings have a geometragect ratio
2 and feature height equal to the grating pitch.

21



2 SCIL soft-nanoimprint of sol-gel materials

We note that the above calculations are made wssigplified model that does not take into
account the complex deformation of PDMS features¢hematically shown in Fig. 7). Finite-
element modeling must be used to simulate the nmécdiebehavior of soft rubber patterns in
complex geometries more precisely. However this faltside the scope of this work.

The surface energy of PDMS could be lowered by étarmurface modificatiof* > However

in practice this will yield little improvement ake presence of water and the associated high
capillary forces will dominate. The main conclusfoom the above calculations is that stamp
material with an increased modulus over the comgnoséd PDMS rubbers (that have E=2 — 8
MPa) is required to fabricate dense periodic pastevith high aspect ratio and nanoscale
dimensions. In the following sections we introdaceovel route to fabricate stable sub-50 nm
pitch patterns by increasing the Young’'s moduluhefPDMS stamp material.

2.3.3 Mechanically stable nanoscale PDMS patterns

Increasing the Young's modulus to make a rubbeangtanore stable towards collapse is a
contradictory requirement for a soft stamp. A lowuYig’'s modulus is required to achieve

conformal contact over large areas, make the imhpgrnocess less sensitive to particle
contaminants and to allow for low force releasefimprinted features. The challenge is thus to
find a material that has the advantages of PDMSbaoeal with a Young’s modulus that is just

high enough to obtain stable features.

To increase resolution and avoid the inherent losdutus of PDMS rubbers, several other
materials have been developed and used as starpf lithography. These material systems
include, siloxane-composités® (fluoridized) UV curing polymeré™®! and thermo-plastic
material§*** Although features down to 50 nm have been refglitin these materials, they
have important disadvantages. UV curing polymerhia be used above their glass transition
temperature, otherwise the materials are tootstifibtrm conformal contact on substrates. The
disadvantage of a non-rubber stamp material, wigclused above its glass transition
temperature, is that the material will permaned#form when put under stress. Thermoplastic
polymers have to be molded from a master at higipézatures (typically 150 - 250 °C) to lower
the materials viscosity and let the material flowoithe patterns on the master. However, during
cooling of the stamp stress builds up due to tfferéince in thermal expansion coefficients of
the master (fused silica / silicon, 0.5 — 4.5 ppi)-Knd thermoplastic polymers (100 — 1000
ppm-K%), causing deformation of the stamp.

To increase the Young's modulus of PDMS a modifffaMS type called H-PDMS was
developed? The H-PDMS rubber has a Young's modulus E=8-12 M@apared to E=2-3
MPa for the often used commercial Sylgard 184 PDMt&. highest values have been obtained
by using shorter cross linkers and an increasedesdration of reactive groups combined with
curing of the PDMS at 150 °€ However, this increased modulus of H-PDMS ovendiad
PDMS is not sufficient to obtain stable pattern®olel100 nm, as shown by the collapsed
gratings in Fig. 7, which are replicated in H-PD&&terial. Our conclusion is that we have to
further increase the Young’s modulus of PDMS ty@erials to obtain reproducible sub-50 nm
patterns over large areas. Based on our calcutati@nestimate that rubbers with a Young’s
modulus of 20 - 100 MPa are relevant for our gbalthe best of our knowledge there are no
PDMS rubber type materials available that fulfilir@equirements.
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2.3.4 PDMS with increased Young’'s modulus: X-PDMS

Increasing the Young’s modulus of PDMS rubbersadssgble by adaptations to the silicone
processing and composition. Process parametersiwhictbe modified are: curing temperature,
curing time and crosslink density. The curing terapege must be kept below 50 °C to minimize
thermally induced deformations due to the diffeeeimthermal expansion coefficient of rubber,
master wafer and glass carrier (see section 2H4-PDMS is a two-component system of linear
di-methyl-siloxane molecules. There are sever&tiht chemical routes to cross-link siloxanes
and in this way form a rubber. The platinum catatyroute has the advantage that there are no
byproducts from the cross linking process and teaction already proceeds at room
temperaturé® In the platinum catalyzed PDMS systems two comptneeact to form a
network: a vinyl functionalized linear di-methylestane (Fig. 10(a)) and a silicon-hydride
functionalized linear di-methyl-siloxane (Fig. 19Silicon-vinyl and silicon-hydride groups
can react by a platinum catalyzed addition readtbdorm a network as shown in Fig. 10(c). By
changing the chain length and the amount of reag@roups in each precursor, the crosslink
density can be tuned to obtain rubbers with var¥iogng’s modulus. This was done for the H-
PDMS recipé"’

We first performed experiments using linear silee@nf varying functionality and molecular
weights to increase the Young’'s modulus. We cooldmcrease the modulus over the value of
the H-PDMS. The linear PDMS chains cannot effetyiverm a stiff 3D network due to the
flexible linear molecule parts between cross liokngs. To increase the cross link density and
the rigidity between the different cross link psina precursor has to be used that itself is
branched in several directions. Figure 11 showsxample a branched siloxane (Q-siloxane)
that has quaternary branching of some silicon atéxdsging Q-siloxanes to a linear PDMS
network creates points where the network is crimg®d in multiple directions. This increases
the overall crosslink density and stiffness of tleéwork which should result in an increased
Young’s modulus.

CH,

e (e Y| §r | e (e Y[ g
ch—?i—O ISi—O ?i—O ISi—CH3 H3C—|Si—O ISi—O ?i—O ISi—CH3

CH; | CH;, CH; | CH, CH; | CHs CH; | CH,

m n m n
(a) (b)

T ¢ Pt Hs FHs

-0-Si-H + H,C=CH-Si-O- —— —-0-Si—-CH,CH, - Si—0 -
6 o- 6 o-

(©)

Figure 10. Chemical formulas of base siloxane mdesused in PDMS. (a) Linear di-methy-siloxanere/ipart of
the methyl groups have been replaced by reactivg groups, (b) Linear di-methy-siloxane where pafrthe
methyl groups have been replaced by reactive silicpdride groups, (c) Platinum assisted additioaation
between a silicon hydride group and a vinyl grofggming a silicon-ethyl-silicon bond between twimxane
molecules.
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Figure 11. Chemical representation of a Q-branchk#adxane precursor.

2.3.5 Preparation of Q-siloxane modified PDMS

Various modified PDMS rubbers were prepared usirgjl6xanes in combination with linear
siloxane precursors. Additionally, experiments wperformed using T-siloxanes (ternary
branching) from which rubbers with a Young’s modulyp to E=~25 MPa were prepared,
however more promising results were obtained bpgu§-siloxanes. Table V lists the base
materials used to prepare silicon rubbers. All malteare obtained from Gelest Inc. and used as
received.

Product code Type Functionality

VDT-731 linear vinyl siloxane 7% reactive methyhyl-siloxane groups in the
siloxane chain

HMS-301 linear hydride siloxanel  30% reactive metimydiride-siloxane groups in the
siloxane chain

HMS-501 linear hydride siloxanel 50% reactive metimydiride-siloxane groups in the
siloxane chain

VQX-221 Vinyl Q-siloxane 50 wt.% solution of ving)-siloxanes in xylene

SIP 6831.2LC| Platinum catalyst 2.5 wt.% platinunvidiyl-tetra-methyl-di-siloxane in
xylene

SIT 7900.0 Moderator 1,3,5,7-tetra-vinyl-1,3,5,#demethyl-cyclo-tetra-
siloxane

Table V. Siloxane base materials.

Figure 12 shows the developed synthesis proceduraliber compositions consisting of vinyl
Q-siloxanes, linear vinyl siloxanes, platinum cggaland catalyst moderator. This mixture is
cross linked with linear hydride siloxanes. Theyifunctional part A (see Fig. 12) is prepared
by mixing linear vinyl siloxanes with a solution@fsiloxanes in xylene to the appropriate ratio
of solid Q-siloxane. The xylene solvent is evapeddtom the mixture in an air purged oven at
45 °C until the solvent content is below 0.1 wt.Néxt, the platinum catalyst and moderator are
added to part A. The PDMS rubber is formed by clioging part A with linear silicon-hydride
siloxanes (part B). The two components A and Btlaoeoughly mixed and de-gassed before
curing at 50 °C.
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Figure 12. Schematic of the synthesis of X-PDMSpesed of Q-vinyl siloxanes, linear vinyl siloxan@atinum
catalyst, catalyst moderator and linear hydridesdnes.

For part A varying weight ratios of linear siloxarne Q-siloxanes have been prepared ranging
from 1:0.3 to 1:1. The catalyst and moderator cotraéion is chosen so the working time (gel
formation) would be between 5 and 15 minutes aftigtition of the hydride siloxanes. This
allows for thorough mixing and de-gassing of theceus X-PDMS liquid. The X-PMDS liquid

is subsequently poured in cylindrical moulds madmfpoly-tetra-fluor-ethylene (PTFE) with a
diameter of 10 mm and 5 mm height. The X-PDMS mnfould is subsequently cured in an
oven at 50 °C. The curing times ranged from ovértg to two weeks. The resulting X-PDMS
cylinders are released from the mold after which ¥oung’s modulus is determined by
indentation measurements.

2.3.6 Young’s modulus determination by indentatiormeasurements

The Young’s modulus of the formed rubber is deteadiby a force-displacement indentation
measurement. A half sphere with a radius of 1.5isused to indent the rubber while the force
as function of indentation depth is monitored. rgeentation depth §) is a function of applied
load (F), sphere radius (R), Poisson ratipand the Young's modulus (E) of the rubber. The
load as function of indentation depth can be cateal using:
F= 4EVR _ ao 47
3(1v9)

Figure 13 shows the force versus position datéofmting and unloading an X-PDMS rubber.
We fit the data of the loading curve using0.5, a standard value for rubbéfsnd find a
Young’s modulus of 69 MPa. The measured positiaorsected for the linear stiffness of the
load cell and taking into account an off-set, &sftiice will only start to increase once contact is
made between rubber and sphere. The sample is raddsucyclically loading and unloading
starting from 1 N up to 4 N in 4 steps. Note thatlbad and unload curves fully overlap, which
indicates there is no hysteresis or creep in thiemah This shows that the sample is a fully
elastic rubber.
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Figure 13. Force-position measurement for an X-PDhtsher. The load and unload data are shown asagdgihe
fit to the load data. Assuming-0.5 we fit a Young’'s modulus E= 69 MPa.

We prepared and characterized more than 150 sdicobhber compositions containing Q-
siloxanes. For each specific rubber composition Ybeng’'s modulus was determined by
measuring multiple cylinders of X-PDMS. We obsertleat the following factors increased the
Young’s modulus of PDMS rubbers:

. increased Q-siloxane content

. increased functionality of the linear hydride sdoe
. increased platinum catalyst concentration

- decreased moderator concentration

. increased curing temperature

. increased curing time (at constant temperature)

Of all the possible combinations there is a limitadge over which the components can be
varied without compromising the process window.Hi@rsiloxane content leads to increased
viscosity which hinders homogeneous mixing. Inceelaglatinum catalyst concentration or
decreased moderator concentration reduced thenggtikie to only a few minutes after addition
of the hydro-siloxane. An important variable is th@o of part A (with a fixed Q-siloxane to
linear-siloxane ratio) to part B. We observed tha0% variation in A to B ratio could reduce the
modulus by 50% and that the modulus of a rubbeeases with prolonged curing time. Table
VI shows the compositions and Young’s modulus tiedent (optimal) X-PDMS rubbers, made
using HMS-501 as part B.

Part A A:B ratio # days curing | Young's
L:Q ratio (by weight) | @ 50 °C modulus
1:0.625 1:0.400 4 20.7#0.9
1:07 1: 0.308 3 22.0:0.1
1:0.7 1: 0.325 4 61.3t3.6
1:0.8 1: 0.325 1 57.7#1.8
1:0.8 1: 0.325 11 78.7#1.8

Table VI. Young’'s modulus of X-PDMS rubbers made different weight ratios of A and B and varyingi@xane
content. The rubbers have been cured for 1 to ¥ da50 °C. The Pt catalyst and moderator coneiutn is
equal for each composition.
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Figure 14. Young's modulus of an X-PDMS rubbernastion of curing time at 50 °C for three sampléswmo
batches with a ratio A to B 1:0.36, The compositatio of linear- to Q-siloxane is 1:0.7 in part And part B is
composed of HMS-501.

Figure 14 shows the modulus as function of curingetfor two batches composed of a Q-
siloxane to linear-siloxane ratio of 1:0.7 (partakd HMS-501 as part B. The ratio A:B was
1:0.36. We compare samples from two different begql$1 & S2) and two samples from the
same batch (Sla & S1b). As can be seen, samplestfi® same batch (squares and crosses)
show very reproducible behavior. The initial moduflor short curing times is quite different for
the two different batches. We attribute this to Bivariations in the platinum and modurator
concentrations between the two batches. The traewles reach about the same Young’s
modulus after three weeks curing (E~55 MPa). Theraton effect for long curing times is
attributed to the fact that the formation of créisks makes it increasingly difficult for reactive
groups to react due to increased sterical hindrahtee formed network.

From these experiments we determined two optintahditations of high-modulus X-PDMS
rubber. These compositions reach a Young’s modxflés MPa and 80 MPa after curing for 5
days at 50 °C. The total compositions by weight glrewn in table VII. These X-PDMS
compositions result in high Young’'s modulus PDMBlyers in an acceptable curing time using
a curing temperature of 50 °C. The X-PDMS matesiabmpatible with commercial PDMS and
the two PDMS types can be co-cured to form compasémps where the two PDMS types are
chemically bonded.

Part A Part B Young’s Modulus
(MPa)
Vinyl linear | Vinyl Q-siloxane | Platinum catalyst Moderator Hydride linegrCuring condition:
siloxane (solid content) siloxane 5 days 50 °C
VDT-731 VQX-221 2.5 wt% complex | Tetravinyl- | HMS-501
in xylene tetramethyl-
cyclo-tetra-
siloxane
1 0.7 0.025 0.045 0.553 65+ 2
1 0.8 0.025 0.045 0.585 80+1

Table VII. X-PDMS compositions by weight and résglY oung’s modulus of the rubber after curing@f6 for 5
days.
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2.3.7 Sub-50 nm imprinted sol-gel patterns using XDMS stamps

The Young's modulus of a X-PDMS rubber is 20-40e&sarhigher than that of standard
commercial PDMS, but is still low enough for thélber to easily establish conformal contact on
substrates. X-PDMS is also permeable to solveriigshamakes it compatible with our sol-gel
material in the same way as commercial PDMS. Totlesresistance of X-PDMS towards
feature collapse, two separate masters are prepatiec-beam lithography of ZEPP520, a
positive PMMA based resist. A first pattern consagrgrating of ~30 nm wide, 60 nm high lines
on a pitch of 60 nm, a second pattern contains sclare array of 25 nm diameter ~40 nm deep
holes on a pitch of 50 nm. After fluor mono-layerface modification, composite X-PDMS
stamps are molded from these masters. The X-PDM®tieughly mixed, de-gassed and spin-
coated over the masters. This results in a 50pb@€hick X-PDMS layer. After a pre-cure of 20
minutes at 50 °C, 1 mm thick Sylgard 184 is powedhe X-PDMS. The stamp is cured for 7
days at 50 °C before it is released form the master Young’'s modulus of the X-PDMS is ~65
MPa, as determined by force indentation measurenoerd test sample from the same X-PDMS
batch.

Figure 15 shows SEM images of sol-gel layers intpdrusing the resulting X-PDMS stamps.
Figure 15(a) show the grating with a pitch of 60, minowing 25-30 nm wide grating lines.
Figure 15(b) shows the hole-array with a pitch@hsn and 20-30 nm diameter holes. Clearly,
the increased modulus of the X-PDMS results irufiest which are more stable against collapse
(compare e.g. Fig. 7) and enables the replicafidese patterns with dimensions as small as 25
nm and a pitch of 50 nm. This work proves that PDd#8nps are able to replicate high aspect
ratio sub-25 nm patterns with all the advantagesotifstamps.

We believe these dimensions are not the limit eXHPDMS rubber system for dense patterns.
In fact, the resolution of e-beam resist used lwiate the master is limiting the production of
dense regular patterns with a smaller pitch. Thenate resolution of our X-PDMS material is
not only determined by the geometrical stabilitpafterns, but also by the ability of the rubber
material to mold to a certain shape and hold théps. Figure 16(a) shows SEM images, taken
under an angle of 30 °, of a master made by e-ligdamgraphy and etching of quartz. It contains
~30 nm diameter pillars on a pitch of 50 nm in squand hexagonal lattices. In a separate area,
arrays are composed of features where during tieaa: process two dots are written next to
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Figure 15. SEM images taken under an angle of 88%ol-gel layer patterned by X-PDMS stamps. ()it pitch
grating lines. (b) square array of holes with 50 pitch .
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(b)

Figure 16. (a) Quartz master pattern containing +80 diameter pillars on a pitch of 50 nm and p#lapaced on a
pitch of 30 nm, (b) Sol-gel replica of the mastettgrns shown in (a).

each other. During subsequent etching these tvaelylepaced structures are transferred in the
guartz as two separate dots, leaving a narrow fgs®than 10 nm, indicated by the circle in
Fig. 16(a). This master pattern was replicateairgel using an X-PDMS stamp. Figure 16(b)
shows SEM images taken under an angle of 30 eaftprinted sol-gel patterns. As can be seen
the rubber is capable of reproducibly patternimgbgaps between arrays of sol-gel pillars. This
indicates the potential of our material systemefroduce dense patterns on length scales below
10 nm.

2.4. Substrate Conformal Imprint Lithography method

Manually handling a rubber stamp to imprint areagédr than a few square cm leads to two
problems: we observe air inclusions and patterardstions due to deformation of the rubber
stamp during handling. To avoid these problemsmgrint method was developed analog to the
wave printer conceft**Waveprinting was developed by Philips Researgattern large areas
using micro contact printing. Our imprint method dalled Substrate Conformal Imprint
Lithography (SCIL) and enables imprinting of wasmale areas in a single step. SCIL uses
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composite soft stamps which are grafted on a tlaissgplate. We use AF45 glass, which has a
thermal expansion coefficient which closely matctined of silicon around room temperature.
This composite layout avoids the buildup of strdasing curing of the stamp and avoids
deformation of the rubber as the glass providgdane mechanical integrity.

2.4.1 SCIL composite stamp fabrication

A typical SCIL stamp consists of a 2(D0 mm square glass sheet with a thickness of 50 o
200 micron. On this glass a 150 mm diameter ~0.5tmok PDMS rubber stamp is grafted.
This geometry allows bending of the stamp in thieaftplane direction to conform to surface
roughness and substrate bow, while pattern dist@tre minimized due to the in-plane stiffness
of the glass plate.

The H-PDMS and X-PDMS rubbers are less tough tbamaercial rubbers. As a consequence,
a stamp made entirely from these high-modulus PRdb®ers is fragile. The high modulus is
also a disadvantage during imprinting when largé@as are present and the “bulk” rubber has
to deform to accommodate the deformation. Therafa@ubber is built up from a thin layer of
high-modulus PDMS (which contains the patterns) kayér of soft and tough commercial
PDMS >0

A tool was developed to fabricate SCIL compositargis without air inclusions and ensure
homogeneous heating during curing of the PDMSofitsests of two parallel vacuum chucks
where the distance between the chucks is contrbife¢dree micrometer spindles. To produce a
SCIL stamp the master containing the patternsssrepared. A 50-100 micron thick layer of
X-PDMS is spin coated over the master and pre-ciaretD-20 min. at 50 °C. After the pre-cure
the X-PDMS is still tacky and the coated mastgriased on the bottom vacuum chuck. Next,
commercial PDMS is mixed and de-gassed and a preomount is poured on the X-PDMS
coated master. Subsequently, the top vacuum chhighwolds the glass plate is lowered which
causes squeezing out of the commercial PDMS oeantster. The final thickness is controlled
by the three spindles. To cure the (X-)PDMS todasired modulus the whole set of vacuum
chucks, master and back plate is placed in an av8@ °C. As the soft PDMS cures it bonds to
the X-PDMS layer and the glass. After release fitben tool the composite stamp can be
carefully peeled from the master. The edges ofubber stamp are carefully trimmed with a
scalpel to remove any PDMS that protrudes abovpltre of the patterns. Finally a rubber seal
is glued on the edge of the glass. Figure 17(ajshbe schematic stamp layout and Fig. 17(b)
shows photographs of two SCIL stamps demonstrétimgut-of-plane flexibility and the large
(150 mm diameter) stamp area which displays intenige colors due to the patterns in the
rubber.
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Figure 17. (a) Schematic of a SCIL composite staomsisting of a thin glass carrier plate on whichwa-layer
silicone rubber stamp is attached. The top PDM@&1agnsists of high-modulus X-PDMS and containg#tierns.
The low modulus of the bottom PDMS layer helpsakenconformal contact during imprinting, (b) Phataghs of
SCIL stamps, showing the flexibility in the ouptEne direction by bending the stamp. In the rigldture
interference colors can be seen which result fropillar pattern with a pitch of 513 nm in the X-P[3M

2.4.2 SCIL imprint method

The SCIL imprint module consists of a flat plataetitontains multiple grooves. The composite
stamp is held in place on this plate by vacuumalRdrto the stamp a substrate with a liquid
resist layer is suspended, leaving a gap of 75aii2Bbometers. To bridge the gap and contact the
stamp to the substrate the grooves are pressufiading from one side an overpressure of
typically 15-30 mBar is applied to one groove. Epplied pressure makes the stamp bulge and
this forms an elevated line parallel to the grooy¥esmore neighboring grooves are pressurized
in sequence, the (stamp) line will gradually bridige gap to the substrate and make contact.
Depending on gap size and applied pressure ~10ebivgs have to be pressurized to form the
initial contact between the stamp and the substBibsequently the remaining grooves are
pressurized in sequence causing a gradual advéatielme contact between the stamp and the
resist, see Fig. 18(a). The stamp is kept in contair! the (sol-gel) resist layer has hardened.
Then the stamp is released from the imprinted featby sequentially switching the grooves
back to vacuum from one side.

Substrate with liquid resist layer

20 mBar

ERARNNNNEY
T

(EERERERRREE] Y
(@) (b)

Figure 18. SCIL imprint principle. (a) Time sequernd an imprint step showing the evolution of thetact area by
sequentially pressurizing the grooves, (b) Advagciapillary contact line due to wetting at botharfaces.

awiIL
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SCIL design constrictions

The choice of groove pitch is important to prodimsprints without introducing air inclusions.
The first design used 1 mm wide grooves on a mpfdhmm. Using this design it proved to be
impossible to imprint sol-gel layers (100 nm — 1@&non thickness) without forming air
inclusions. We studied the imprint process by usinglass chuck and substrate and video
recording to follow the capillary front movementtag imprint was made in a sol-gel layer.
From the video data it was determined that thelleapifront is able to travel ~3 mm under
capillary force. Therefore, for a groove plate vatpitch of 5 mm, which will advance the stamp
contact 5 mm each step, air inclusions are forneedibse the stamp comes into contact with the
sol-gel layer before the capillary front arrives @ontact between stamp and resist is made at
random positions, multiple circularly expandingidapy fronts are created that can enclose air.
A second design of the groove plate was made wiged 1 mm wide grooves on a pitch of 2.5
mm. This allows the capillary front to travel thés 2nm distance of the pitch length, before
random contact can occur, thus avoiding air inolusi The final SCIL imprint tool uses a plate
with 80 grooves of 1.0 mm width on a pitch of 2.BanThis setup allows imprinting of round
substrates up to 150 mm diameter.

Imprinting: capillary force driven advancing coriténe

During the imprint step the capillary force pulietstamp into the liquid, rather than the stamp
being pushed on the substrate by the air pressgier the stamp. The capillary pressure scales
with surface energy and the inverse of the capiltadius. The latter is very small as at the
stamp-resist-air contact line the stamp is almasdlfel to the substrate due to the S-shape of the
stamp (see Fig. 18(b)), which requires 20-30 mivricge the distance of 1Q0n between the
stamp and substrate (an average slope of lessStipam/'mm). By looking through a glass
substrate at the contact line interference frirogesbe seen between the stamp and the substrate.
From the spacing of the fringes we judge the dtdetween the stamp and substrate in front of
the contact line to be less than 200 nm over aicgt of 100-200 micron. The fact that the
capillary forces drive the advancing contact lireswerified by recording the moving contact
line on video. From this data the speed of the mgpebdntact line once a groove was pressurized
is estimated to be 30-50 mm per second. This ishnfaster than the effective speed of the
pressure sequence, indicating the capillary fodogsinate the process.

We varied the delay time between pressurizing syues# grooves from ~100 ms up to two
seconds and found no difference in the imprintigyalhe bending stiffness of the composite
stamp had no substantial influence on the mininioma tlelay between subsequent pressurizing
of grooves. This was tested for stamps with glask Iplates of 150 and 200 microns thickness
and stainless steel back plates of 100 micronnieis&. The distance between substrate and stamp
was varied between 50 and 200 micron. We foundgtienum distance between stamp and
substrate to be ~100 micron. This allows for s@stbow and non-flathness while it minimizes
air leaks from pressurized to vacuum grooves.

Stamp release: receding contact line

The stamp is released in a controlled way fromnaprinted (sol-gel) layer by sequentially
switching the grooves back to vacuum. Startingifane side where the stamp is held on the
groove plate, a groove is evacuated. The air uid@estamp is drawn away by the groove which
is open to vacuum. This quickly creates a localenfuiessure at the position of the groove
which is switched. As a result the ambient air pues pushes the stamp towards the groove
plate. As the stamp makes contact to the groove filseals the vacuum leak. The gap between
groove plate and substrate is now bridged in atketigt is 2.5 mm shorter than the equilibrium
position of the stamp and the bending stress istido@p is increased. The stamp relaxes to the

32



2 SCIL soft-nanoimprint of sol-gel materials

equilibrium position by releasing from the subsrahe actual release is thus a slow controlled
peeling process. While switching a groove from pwessure to vacuum, the pressure under the
area of the stamp that is still in contact to thiessrate can drop from ~20 mBar to ~10 mBar, but
it does not go below atmospheric pressure. In w&adhe minimum delay time between
evacuating subsequent pressurized grooves is ~800ha optimum delay time depends on the
feature density and aspect ratio: dense high-aspgotfeatures have increased contact area
between stamp and resist and therefore higher ¥ah\@als contact force, requiring a more
slow release than non-patterned areas. The swéldy dherefore has to take into account
different pattern geometries across the stamp.

2.5 SCIL imprint performance

Any imprint process can lead to the formation dedts. It is important to identify the type of
errors that can be introduced and at which prostegs they occur. In this section we study
pattern deformations which are introduced by staspfication and the SCIL imprint process.

We distinguish two types of defects that can odeuing imprinting which are related to defects

of individual features.

1. Incomplete feature replication. This is mainly acern for imprint methods which use rigid
stamps and is caused by two phenomena: 1. airddapghe features prevents the filling of
the features with resist material*and 2. on stamp release, features in the resiaomp
can break® In our X-PDMS SCIL process we observe that allvitiial features are
replicated at every imprint. This is due to the that liquid resist can easily fill up features
and trapped air diffuses into the rubber. On r@gethe stamp (locally) deforms to aid release
of the patterned structures. To characterize thiarther detail, automated processing and
inspection tooling are required.

2. Particle related defects. As imprint lithographg isontact method, particles that are present
on the stamp or the substrate will influence thaicated pattern. Working in a clean
environment can minimize particle related defé&t Studying this in a quantitative way is
difficult and requires a production type of envinoent which uses automated handing. We
observe that particles preferentially adhere tosoltgel imprint resist on the substrate and in
this manner clean the stamp. Large-area impriris MW particle related defect densities
were obtained by first imprinting sol-gel resisttam or three clean silicon wafers before a
(series) of products was imprinted. This procedirearly reduced particle related defects.
This was verified by dark-field optical microscopg sub-wavelength patterns, in which
particles clearly stand out. We also used an authveafer scale particle counter in which a
defect is detected by the scattered light of arlaeam. We imprinted 5 wafers in sequence
and observed that particle contaminants decredtse@ach imprint, which demonstrates the
self-cleaning effect of soft-stamps in combinatath sol-gel resist.

In the next section we elaborate on pattern defoomsand magnification errors.
2.5.1 Pattern deformation: ex-situ measurements

Pattern deformations, which are introduced by tingbte replication step from master to stamp
to imprint, are characterized by laser diffractrorasurements to determine variations in the
pitch of a grating. This provides information abthé uniformity of the replicated patterns and

resolves if there are any repetitive errors preent the SCIL replication step. Figure 19 shows

the setup which is used to scan a substrate oecéssmn stage under a normal-incidence laser
beam from a HeNe laser with a wavelength of 633 nm.
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Figure 19. Photograph of the laser diffraction getit shows the x-y stage on which the samplelisthevacuum.
Laser light is directed from above and diffractétbe gating. The two™diffraction orders are focused on two
CCD cameras using two lenses. The inset shows ai@@fe of a % order diffraction laser spot.

The laser beam diffracts off a 3 micron pitch grgtimprinted in silica towards two CCD
cameras on either side. The inset in Fig. 19 slo@€D camera image of a diffractdtiarder
laser spot. Scanning the sample under the lasearpdracking the reflected diffraction orders
on the cameras produces a two-dimensional magajfrtting pitch averaged over the laser spot
diameter of ~125 pm. The total scanned area ¥22%nnf. Figure 20 shows images of the
averaged grating pitch for master (a) and sol-g@ica, with the imprint direction parallel (b) or
perpendicular (c) to the SCIL grooves.

Figure 20 shows variations in average grating pafcless than 0.1 nm (i.e0.03 %) for both
master and replicas. A replication fidelity corresging to a pitch variation of less than 0.1 nm
has to our knowledge never been shown for softsiamprint methods?*°The bright vertical
lines are due to stitching errors betweerIBmm grating areas introduced in the mastering
process. The isolated artifacts in the replicas ésews in b,c) are due to particles contaminants,
which we confirmed by optical microscopy at thelegs. Note that due to the softness of the

@ Master ®  Replica ] ©  Replica || +0.1nm

25 mm

3000 nm
A Grating Pitch

-0.1nm

25 mm

Figure 20. Two-dimensional distribution of the ting pitch measured using laser diffraction. Thielpiscale bar
is shown on the right hand side. The light vertlsas are stitch marks from the stepper used ¢alpce the master
pattern. The dark and bright spots are induced astigles. (a) Master pattern in silicon, (b) soligeplica on
AF45 glass produced by imprinting the grating lipespendicular to the SCIL grooves, (c) sol-gelicgpon AF45
glass produced by imprinting the grating lines digato the SCIL grooves. The step wise applicat@’ mm
period) of the SCIL cannot be observed in the oagli
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stamp, particles only cause pattern deformati@small range around the particle. Comparing
the images for the two imprint directions we coudeuhat the direction in which the grating was
imprinted does not influence the deformation. Femore, the step wise application of the
stamp by the SCIL process is not observed in thkcses.

The laser diffraction measurements shown in Figd@hot give information about possible
magnification errors which can be introduced duthegreplication steps. The absolute pitch can
only be determined with a precision of ~0.5% whghmited by the measurement of the angle
between the two CCD cameras. We will use a diffemethod to quantify magnification errors
more precisely in section 2.5.3.

The deformation of the stamp due to a particle ammant is mostly dissipated in the soft
intermediate PDMS layer. This localizes the defdrometo the PDMS in the direct surrounding
of the particle contaminant and ensures the remsaind the area is imprinted without
deformations. Figure 21 shows SEM images of SClrints in sol-gel resist over particles with
a height up to ten times the resist layer thickn&ssan be seen, the stamp imprints the patterns
on and over the particle and the local deformatithe rubber stamp is clearly shown. Only a
small distance away from the defect the patternigoes without distortion. The bottom right
picture shows an imprint over a particle which Boum in height, which is too large to be fully
dissipated in the rubber. This leads to an exctuarea of ~ 100 um diameter around the particle
where no patterns are imprinted. When using a stachp, these type of particles would cause
damage to the stamp and/or substrate, potentiaitgrgting additional particles.

Magn WD M 1um
80000x 6.2 ps800.2.6sgl bkr.nachtbdbutylacat

Figure 21. SEM images of sol-gel patterns madeguSiBIL on substrates with particle contaminantse Duthe
softness of the stamp the patterns are imprinted particles, while the surrounding pattern is ustdrbed.
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Figure 22. (a) Schematic of the cross (left) and @sight) marker, which are defined by grating9.@€D image of
a box-in-box alignment marker in contact.

2.5.2 Design of overlay alignment markers

Alignment marker patterns can be used to deterthmabsolute or relative position between a
stamp and substrate and to detect pattern defansafl o provide absolute alignment down to
~1 um box-in-box type of alignment marker is used. Tdassists of a 5Am wide cross which

is located on the stamp (molded from a first masidre corresponding box, an area with a gap
width of 70um in the form of a cross, is formed by imprinting-gel on a substrate (stamp
molded from second master). The cross and boxrpatiee composed of gratings with a pitch of
580 nm, see Fig. 22(a).

When illuminated with 450 nm light from an LED um@a angle of 61° to the substrate normal,
the -T' reflection order exits perpendicular to the swdistrsee Fig. 23(a). The patterns are
viewed using a long working distance objective dedpgo a CCD camera. A picture of an
aligned box-in-box marker in contact is shown ig.R22(b). This small difference in brightness
of the box and cross patterns is attributed toalsiifference in fill fraction or refractive index
between the two gratings. The high contrast obsebetween grating and non-grating area
enables accurate alignment of the two patterns.

2.5.3 The variation in magnification error betweenwo stamps

The box-in-box alignment patterns can also be tsddtermine the difference in magnification
error (defined as relative difference between nmeete stamp pattern) between two stamps.
Magnification errors are predominantly caused bwlswariations in thermal thermal cycles
during stamp fabrication and a difference betwéerttiermal expansion coefficients of master
and stamp. If two stamps have been prepared atreliff absolute temperature, the mismatch
between the thermal expansion coefficient of maatet glass back plate will produce a
magnification error between the two stamps. Magatfon errors are difficult to detect with
laser diffraction (see 2.5.1) as these only medswued pattern deformations.

455 nm illumination 455 nm illumination
under 61° CCDh under 61°

Substrate
grating

Substrate

N

( a) Stamp grating (b) Stamp grating

Figure 23. (a) Schematic cross section of the 580pitch gratings used to generate high contragjratient
markers. (b) Schematic cross section of the 58@itoh gratings used to generate Moiré patterns.hBgratings
have a depth of 90 nm and a fill fraction’af
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H ™

Left alignment marker Right alignment marker

Figure 24. Two box-in-box type alignment markersantact. The middle cross is 50 microns wide &edspace
between the squares is 70 micron. The distanceggatithe left and right marker on the wafer is 70.mm

By comparing the alignments of two sets of box-ax-llignment markers spaced over a large
distance, the magnification error can be determifiedlo so, we use a stamp to imprint the box
pattern on a substrate. A second stamp with thregonding cross is then brought into contact
to form the box-in-box pattern. The box-in-box menkare positioned 70 mm from each other.
By simultaneously aligning the two markers, thetatise between the middle cross on the
substrate and the edge of the outer cross ondhgss minimized. Figure 24 shows the aligned
left and right stamp and substrate markers whileoimact.

We used computer pattern recognition to measurdisi@nces between the cross and the box in
both directions where the width of the middle cneas used for calibration. The distances were
found to be all equal within the measurement aayuoé+ 0.25um. This is much larger than the
maximum position error of the e-beam generatd®3 nm) which was used to produce the two
master patterns. The maximum magnification errbween the two stamps is therefordd25

pm over 70 mm, or 7 ppm. The measured magnificaroor of 7 ppm is the upper value due to
the uncertainty in the optical measurement of tbsitppn of the crosses in the alignment
markers.

2.5.4 Design of Moiré interference alignment markes and in-situ pattern deformation
characterization

Moiré interference techniques enable the detectionovements down to the nanometer level.
Here, a Moiré pattern is formed by a grating onlastrate in contact with a grating in a stamp.
This can result in light and dark patterns dueotustructive or destructive interference of light in
the two grating§*®° To use Moiré patterns in the SCIL setup the optieaign depicted in Fig.
23(b) was developed. The grating base period is¥68®&ith a depth of 80-90 nm. The gratings
are illuminated while in contact with 450 nm lighdtm a LED under an angle of 61° to the
substrate normal. Light from thé& deflection orders of the top and bottom gratingsrifere and
form a Moiré pattern which is recorded using a C&ainera.

To control the period of the Moiré fringes, we ws®&ernier Moiré technique in which two
gratings of slightly different periods are in casttalo do so, two masters with corresponding
grating patterns were produced by e-beam lithograpld two SCIL stamps were molded from
these masters. Using the SCIL setup the pattethgifirst stamp are imprinted in sol-gel resist
on thoroughly cleaned AF45 glass substrates. Thwnse stamp, which contains the
corresponding grating is then loaded in the SClusand brought into contact with the first
imprinted gratings. In the first experiments, usingtings with a fill fraction of ~0.5 we noticed
that the contrast of the Moiré patterns changedtiwe. We found that this is caused by grating
lines that do not stay on top of each other as showig. 23(b), but would actually sag between
each other and interpenetrate. This changes tdentnce condition and thus the contrast of the
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(d)

1 2 3

Figure 25. Three distinct pairs of Moiré patterme &rmed as two grating sets are brought into achtising the
SCIL setup, the contact line advancing 2.5 mm diaoh. (a) The stamp is in close proximity; (b)-6Bmp in

contact, with in (b) and (c) the contact line inatied by arrows; in (d) the stamp is in full contatte numbered
sections in (d) refer to grating pitches of: 1. B80.3 nm, 2. 2317/2320 nm, 3. 10.000/100860

Moiré pattern. We then changed the grating dutjecte/s and found that the Moiré patterns do
not change contrast over a timescale of severa.day

To determine absolute position errors using Mairgks, the absolute placement of the gratings
has to be known to at least within half the graprigh. This is due to the repetitive nature of the

Moiré interference after one grating period. Toldeabsolute alignment down to nm accuracy,

a method is needed that can detect absolute positianges from sub-mm to nm scale. Our
design uses Moiré patterns with three length scafgish are subsequently aligned, starting with

the coarse pattern.

Using the box-in-box alignment markers and the S€&flup, the stamp and the substrate which
contain the imprinted markers were aligned to withum. Figure 25 shows successive CDD
images of a Moiré alignment marker pattern astdw®g is brought in contact with the substrate.
The area over which a Moiré pattern is formed»6 8m. In Fig. 25(a) the stamp is in close
proximity, but not in contact, in (b) the stamppirtly in contact with the substrate (arrow
indicates the position of the contact front), tbatact has advanced 2.5 mm in (c) and in (d) full
contact is established. In Fig. 25(d) from leftight three different Moiré patterns are observed
(indicated 1,2,3) which correspond to grating pitoimbinations of 580/580.3 nm, 2317/2320
nm, 10.000/10.050m, respectively. These three Vernier gratings aeelin pairs: for each pair
each time the left part of the pair has the shopiésh located on the substrate and the right part
has the shortest pitch located on the stamp. Hsgd has the following advantages that when
the patterns are moved perpendicular to the graiiregtion in a pair, the left and right Moiré
fringes move in opposite directions. This doubltesresolution per pixel as not the absolute shift
of a Moiré fringe is measured, but the relativdtdietween two Moiré fringes. The patterns are
designed such that for absolute alignment alliiingés have to line up, as shown in Fig. 25(d).
This pattern also helps to optimize the alignmeawicedure: if the previous alignment step
accuracy is better than half the grating pitcthefriext Moiré grating set, the fringes which have
the smallest off-set need to be aligned next.

The following patterns and features are observethénMoiré patterns of Fig. 25(d). The
580/580.3 nm Moiré pattern has a high contrast simvs the predicted 8 fringes. The
2317/2320 nm Moiré pattern shows a repeating patte8 dim lines and a brighter fourth line.
This can be explained as the 2317/2320 nm graséirgdesigned to reflect the fourth diffraction
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order into the CCD camera. The period of the brighge corresponds to a period of 2317 nm
(of which there are 4 over 8 mm distance). The flinges repeat every 580 nm, as the fourth
order has four times the accuracy of the first noréiee 10um Moiré pattern has lower contrast.
The 10um gratings are made using areas of 5 lines wittch pf 580 nm, which are placed on a
pitch of 10.000 and 10.05@m. In this way the 580 nm gratings diffract lighta the CCD
camera with a periodicity of 10.000 and 10.@s0. The combination of 10.000 and 10.050
micron gratings results in four (low contrast) Moiringes over 8 mm. The high frequency
Moiré fringes result from interference of the 58 grating areas which shift 50 nm every 10
pm. Therefore, a 580 nm fringe will repeat after 580nm = 11.6 periods of 1m,
corresponding to 116 micron. This will result in BBhges over a distance of 8 mm, as is
observed in Fig. 25(d).

Our Moiré method magnifies position errors betwidentwo gratings up to a factor of ~3000.
Therefore pattern deformations are easily obsemvatistorted or shifted Moiré fringes. For
example the e-beam pattern generator generatehisgjterrors every 0.5 mm due to an
inaccuracy of ~20 nm in the stage positioning. Bharsors are clearly present as discontinuities
in the individual fringes of the 580 nm Moiré pattef Fig. 25(d). Besides particles and pattern
edge related distortions the Moiré fringes areigittaand have a regular spacing. More
importantly, the Moiré pattern is identical eachdiwhen contact with the stamp is made. From
ex-situ laser diffraction measurements and th&tmMoiré method we conclude that the SCIL
technique is able to reproduce patterns withotdhicing pattern deformations that are intrinsic
to the SCIL method. Particles are the principleseanf defects but due to the elasticity of the
rubber stamp these remain localized around thecfsaaind do not influence the pattern outside
the vicinity of the particle. This confirms thagetkhin glass carrier provides adequate in-plane
stiffness in the rubber to prevent pattern deforomat

2.6 SCIL overlay alignment method

In several applications multiple layers must be enal top of each other and it is important to
achieve a high alignment accuracy. For exampl® pi®tonic crystal of the woodpile type is
composed of multiple layers that are to be aligonegithin ~30 nm with respect to each other, in
order to obtain a 3D optical bandgap in the 55Gpsattral range when using a material with an
index of refraction n=2.&

The substrate and stamp cannot be accurately dliggirg a non-contact method as this leads to
parallax errors. Alignment of the stamp and subsirdoile they are in contact is impossible due
to the large imprint area in SCIL. We tested thpaducibility of placing a stamp from the SCIL
groove plate into contact with a substrate. Ushrgliox-in-box alignment markers from Fig.
22(b) we measured variations of pn. Therefore, this method is unsuitable for nanemet
accurate overlay alignment. However, we found Wiagn the stamp is kept in contact with the
substrate over a small area, the stamp can bedataod in the original position to within 5 nm,
as measured using the Moiré interference markessritbed above. This accuracy is obtained
even as the stamp is released from the substrateQoem from the measurement position,
corresponding to an error of only 0.06 ppm. Oulda&xation for the remarkable accuracy is that
the stamp in contact with the substrate formsid agnnection. Furthermore the SCIL imprint
principle allows the stamp to be applied to thestnalbe in a stress free manner. The reproducible
stress free application of a stamp to a substsgiessible due to Van der Waals’ forces that pull
the PDMS stamp in contact and move the contactdirveard. In effect the SCIL method acts as
a controlled stamp release mechanism. As a resudixternal forces are applied to the stamp
which would deform the pattern and result in mggatnent.
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Figure 26. Method to provide overlay alignment wikieeping the stamp in contact with the referenbstsate. The
stamp is placed in contacted with the substratd bglthe chuck, and the position error measuretbrAétracting

the stamp from the chuck, the position with respethe reference is corrected. After making conteith the

substrate, the corrected position error is measuagdin. Once the position is correct the patterimigrinted by
making full contact over the substrate.

awilL

Figure 26 shows a schematic of the technical raidiz of the developed method which is based
on the highly reproducible way a stamp can be netito a position on a substrate. The setup
consists of a reference plate were the stamp isikiEpcontact, while the position of the chuck
with respect to the reference is controlled by etbkbop piezo actuators.

The alignment method has to following sequence:

The stamp is in contact with reference and cornsactade with the chuck.

The position error between stamp and substrate#sored.

The stamp is released from the chuck, but stagsritact with the reference.

The measured position error of the substrate iected by using the piezo actuators to positioshiuek to a|
new position with respect to the reference.

The stamp is placed back into contact with the kfard the position is measured again.

— Steps 3 to 5 are repeated until the desired pagiti the substrate with respect to the stamp tisioéd.
6. Once the substrate is aligned with respect totdres, the pattern is imprinted by fully contactthg stamp
over the substrate.

PonpPE

o

2.6.1 SCIL imprint tool with incorporated substrate position control with nm resolution

Together with Philips Applied Technologies, a setgs designed and developed to enable the
alignment method described above. The goal oféhgswvas to position a substrate with respect
to the reference with nm accuracy. Figure 27(ajstie schematic of the SCIL setup and an
exploded view of all the components starting fréva base frame (bottom) which holds the
groove plate. The aluminum reference frame is caegoof the quartz reference plate,
aluminum chuck frame and quartz chuck (top). Figiiféb) shows a photograph of the SCIL
setup consisting of the outer aluminum referenamé, which is actuated for coarse alignment
by micrometer spindles. Piezo actuators and capaaiénsors in the frame control the position
of the inner black aluminum chuck frame with thada chuck. The reference area in Fig. 26 is
the quartz reference plate, which is attachedeathier aluminum base frame, see Fig. 27(a).
The quartz reference plate is mounted in the b@seef using three linear leaf springs which
compensate thermal expansion differences and keeggterence plate centered; the height of
the leaf spring is ~ 20 mm to provide stiffnesgha vertical direction. The reference has a
square opening in the middle in which the quartzc&Hits into. The quartz chuck is placed in
position in the aluminum chuck frame using metdfi $iagheres and V-grooves at three positions;
the glass is secured by pneumatic actuators. €higp @llows the quartz chuck to be removed
from the setup to load a substrate while the staammains in contact with the reference quartz
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plate. The chuck frame is connected to the basesfiasing three elbow leaf springs. These keep
the quarts chuck centered in the quartz referendealows hysteresis-free in-plane x-, y- and
rotation movement of the chuck frame for up to ~u60Owith low force. The height of the leaf
spring is ~ 20 mm to provide stiffness in the \eatdirection. Three manual vertical micrometer
spindles in the base frame control the gap betwleestamp and the quartz chuck / reference.
On the outside of the base frame three manualdmazmicrometer spindles can be seen which
are used to align the chuck to the stamp down tamIWhen the quartz chuck is placed in the
setup, there is between 50 and @ space between the chuck and the quartz refepdaiee
This allows the chuck to be positioned within tf@isge by three piezo actuators which connect
the chuck frame to the base frame. The piezo amtwatve a travel range of ffth and their
position is controlled by capacitive sensors, ofgelan a closed loop. The position of the chuck
frame to the base frame is measured at the thqms where the piezo is actuating the chuck.
These lie on the two symmetry axes of the chuck.

Fine alignment with
Piezo's and leaf spring

A Substrate guidance
Piezo frame

N I
Coarse

alignment [F 1111

Reference frame Chuck
Reference plate

LLl IIIIIIIIIIIIIIIII‘}

\

| Height
Stamp Alignment Marks adjustment
(a) Base frame with groove plate

(b) k \

Figure 27. (a) Schematic cross section of the Sf@tlup and exploded view of the complete assemtilyfnom
bottom to top: ground frame, groove plate, quaeterence plate, base frame and quartz chuck. (bjdefnaph of
the SCIL setup with piezo feedback controlled quetrtick. The chuck position is controlled by pievitisrespect
to the black aluminum frame. The distance betwkerivwo frames is measured using a capacitive semsdine
symmetry axes of the chuck where it is actuated.
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Position (nm)
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Figure 28. Comparison between the position readbakternal capacitive sensors (top and bottorthégosition
readout of the capacitive sensors controlling tiezps when taking 5 nm steps.

The quartz chuck is required to move without hyesteror stick-slip behavior, which means the
aluminum frame may not display these phenomenaspositioned by the piezo actuators. We
therefore compared the chuck movement, given lpyubof the piezo capacitive sensor, with the
actual movement of the chuck, which was measuried o external capacitive sensors. The
external sensors are mounted on the quartz chaldkamluminum reference frame and measure
the movement between these two components. The aataators are programmed to make 20
steps of 5 nm while the positions are recorded 60exreconds. The 5 nm steps are controlled by
the piezo actuator’s individual capacitive sensors.

Figure 28 shows position measurements as functiome as the stage is moved in 5 nm steps
of the piezo’s two capacitive sensors (middle) awmal external capacitive sensors. As can be
seen from the data, the external sensors exactguned the 5 nm steps. In the measurement no
stick-slip behavior is observed and there is nddrgsis present between back and forward
movement. The absolute difference between the hewnand end position of the external
sensors is caused by thermal drift in the mountglwihold the external sensors. These
measurements are performed for all three piezdisbars and confirmed that the chuck moves
reproducibly and without hysteresis over distarfe3) um. In practice, the stamp is in contact
with the quartz reference plate and not the alumireference frame. We compared the position
of the quartz reference plate and the quartz chiuitle same manner as for the quartz chuck and
the aluminum base frame. The results showed idd@formance as for the measurement for
the distance between the aluminum frame and qohdek. The high stiffness of the system
allows this indirect measurement to be used ang orlthe output of the piezo actuator’s
capacitive sensors to accurately monitor the moweroéthe chuck with respect to quartz
reference plate.

The alignment scheme depicted in Fig. 26 can intedan uncertainty in the position
reproducibility, as the stamp has to bridge thelggpreen the reference plate and the substrate.
This is done while the closed loop piezo systemrotsithe position of the chuck with respect to
the reference plate. We measured the reproduyibilithe whole system by using the Moiré
alignment markers, imprinted on a substrate whiab lwaded on the quartz chuck. We found
that we could reproducibly place the stamp baclitbin 5 nm on the actively controlled
substrate/chuck after it was released. This dematestthe robust overlay principle and very
high accuracy of the SCIL imprint method.
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2.7 Overlay alignment results

Figure 29 shows the design of the alignment mansa&iterns for the substrate (a) and stamp (b)
used in overlay alignment experiments. The topdefi right markers have box-in-box and
Moiré type patterns, the top centre pattern hagMoiré type markers. The left and right Moiré
markers are sensitive in the y direction and usedlignment in y direction and rotation control.

The centre marker is used to align the x direabioly. The distance between the two y markers
is 70 mm and these are located on a line 35 mmeatiws substrate centre. The stamp also
contains five 22 mm grating areas arranged withinx8®m square as indicated in Fig. 29(b).
Within each square area gratings with a 240 nnh ite oriented in two perpendicular directions
to enable the detection of alignment errors in tivections.

To perform overlay alignment, the position of tkensp with respect tot the substrate has to be
determined. This procedure is performed in a sartoraated manner using a Matlab program.
First the left and right box-in-box markers are ortpd simultaneously and the number of pixels
between the middle cross and the surrounding bameigsured in x- and y-direction at four
positions around the middle of the cross pattelne. Width of the middle cross (p@n) is used to
calibrate the measurement. From the measured ttsetalignment error in the centre of the
substrate and the rotation error around the cemiralculated. Subsequently these values are
used to calculate the piezo actuator movementrtecidor the misalignment and rotation error.
Using typically 2-3 iterations, where each timegstemp is retracted from the substrate but kept
in contact with the reference, the detected offséte centre of the substrate is reduced to less
than 200 nm (as calculated by the program). Thiesponds to the maximum resolution of our
box-in-box alignment procedure.

The box-in-box alignment ensures the pattern oyemteor is less than2m, which allows that
the Moiré images can be used to further align titepns. From the three alignment marker
positions Moiré patterns are imported in the Magiadgram and analyzed, see Fig. 30. For each
Moiré pattern pair, two line scans are obtainedwsraging 50 pixels in the vertical direction.
For the 10um Moiré patterns the high frequency oscillations filtered out using a Fourier
transfer. The resulting four fringes correspondinghe 10/10.0%um Moiré pattern and are
plotted in the top right panel. Moiré patterns foe 2317/2320 nm Moiré are plotted in the
bottom panel of Fig. 30(b) without filtering. Toigh the patterns, two fringes are manually
selected by dragging a box over the fringe pead @tom panel in (b)).

@ [ = | O . +
I - - ="

Figure 29. Schematic of the position of the aligntmearkers on the substrate (a) 100x100 mm AF48sghath
imprinted alignment markers. (b)18000mm area on the stamp with corresponding alignmerkers and test
patterns consisting of 240 nm pitch gratings in tlir@ctions.
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Figure 30. (a) CCD image of Moiré interference patis with the grating periods indicated. (b) Lireas taken
through the data in (a), indicated by dashed lifek. Zoom in of data from 2,8m grating in (b, see box) with
Gaussian fit. The detected offset is 4 pixels gpoading to 20 nm.

From the selected data in the box the peak idfit®ng a Gaussian and the peak position
determined, see Fig. 30(c). The number of pixeteéen the two Gaussian peaks is determined
and the pixel size calibrated using the known &isgacing. This procedure is performed for the
outer two Moiré markers which gives the sampletrataand off set in y-direction. From the
middle marker an offset in x-direction is deternin8ubsequently, in the same manner as used
for the box-in-box markers the piezo actuator mosenis calculated to correct the measured
misalignment. In our system the resolution of asnead Moiré pattern is given by the number
of CCD pixels per Moiré fringe. In theory the ragtdn per pixel in the three different Moiré
fringes is: ~50 nm for the 10 micron, 5 nm for th& micron and 2.5 nm for the 580 nm Moiré
patterns, respectively. In practice the alignmendependent on the pattern quality which is
mostly influenced by particles. This as can be sadahe bottom part of Fig. 30(a) where a
particle distorts the pattern. To minimize particlduced alignment errors it is important to align
identical fringes in subsequent imprints.

To assess the alignment performance of the whaelkesywe aligned the stamp containing the
240 nm gratings to the substrate. To do so, tigaadent markers imprinted on the substrate are
first covered with tape and sol-gel resist is thpim coated over the substrate. After removal of
the tape the markers are free of sol-gel resist. Substrate is loaded in the SCIL setup and
aligned to the stamp. This is done by only preggugithe stamp at the alignment marker
position, bringing the stamp in direct contact with substrate at that position. After 3 iterations
the residuals in the offset are minimized. Nex¢, tést of the substrate is contacted, thereby
imprinting the gratings. To obtain contrast duriater SEM inspection, the centre area of the
imprinted 240 nm gratings is covered with 10 nmmotybdenum using sputter deposition. Next,
sol-gel resist is applied again and a second alegrirperformed, after which the same grating
pattern was imprinted over the first molybdenumteddayer. Both imprints have thus been
separately aligned towards the alignment markepsiinted on the bare substrate.

This procedure was first performed by using the-imelRox alignment markers. Figure 31(a)
shows a SEM image taken under an angle of 45%afdiresponding two aligned layers. As can
be seen, each grating layer contains horizontatiyartically oriented grating lines. The bottom
layer can be distinguished by the light color duthe molybdenum. The lines are well aligned
in two directions between the first and secondiggdayer. The alignment error is determined
by measuring the offset between the first and sgtgoating in two directions. For the image in
Fig. 31(a) this is 21 nm in the horizontal and &%in de vertical direction respectively. Figure
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31(b) shows an overlay error map for the five gigagpositions, assuming the first layer was
perfectly aligned. The square corresponds to tha airthe five regions which contain gratings,
see Fig. 29(b) and the overlay error is represdmyede distance between the two squares, with
the length scale indicated (100 nm scale bar). Ff@n31(b) it can be seen that the maximum
misalignment between the two grating layers is @O (top right pattern). The maximum
rotation error is found to be xB80° rad. As these errors are the sum of two sepaligrexeent
runs, the alignment error for a separate run tbegeis less than 55 nm. From this data the
magnification error between the first and secongrint can be calculated. We expect the error
to be the result of thermal expansion variationetwhre symmetric around the substrate centre.
Therefore, the data for the second imprint in Bib) are translated so that the residual overlay
error is zero in the middle. The remaining off-gdetdhe other four points are then a measure for
pattern distortion and magnification errors. Welfenmaximum magnification error of 1.2 ppm
in the x direction and 2.4 ppm in the y directidhis is highly accurate as no active temperature
control was used and there was a day between thaltgned imprints runs.

The misalignment found in Fig. 31 is due to a camabon of magnification errors and alignment
errors. Comparing the maximum misalignment in Bigb) of 110 nm with the magnification
error over a 3830 mm area of 72 nm (assuming the 2.4 ppm errard@bove), we calculate
that the maximum alignment error amounts to ~40Improvement in overlay accuracy can be
expected as magnification errors can be elimindigdusing a temperature controlled
environment during imprinting. Furthermore, thereatly used alignment process only analyzes
the alignment patterns and minimizes the offsdtgs process can be improved by using Moiré
interference markers as described above. This iBankprogress. These results show our SCIL
alignment method in combination with the Moiré ahgent procedure can reach 20 nm overlay
precision over an area ok1 cnf.

Finally we study the reproducibility of the impriptocess for a given stamp. Over a four-year
period we have made over 3000 imprints in sol-gsist using the same stamp which contains
150 nm high, 130 nm wide lines on a pitch of 580 Bjncomparing the SEM images of sol-gel
imprints over time we do not see any degradatiothefpattern over time. Using a grating
pattern in two directions makes it possible to detee the reproducibility of individual features,
as a single feature can be located. Figure 32 sB&M images of two overlay alignment tests
for the same position. The patterns in Fig. 32(@)naade after ~24 imprints and in (b) after ~40
imprints. This shows that even the smallest featureasuring only ~15 nm wide are replicated
each time with high fidelity. These results confitme robustness of our SCIL imprint method in
the replication of large area nanoscale features.

(EYPpot Magn (b) 4 5

Figure 31. (a) SEM image of two aligned gratingtpats in silica taken under a tilt of 45° of twdgaled and
imprinted gratings. (b) Schematic representatiothef overlay error for five positions on the substt
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Figure 32. SEM images of two overlaid grating pattein silica taken at the same position after<aj imprints
and (b) ~40 imprints.

The high reproducibility and low pattern distortsofound using the SCIL process have to our
knowledge never been achieved by other soft impetiiniques. In fact, the reproducibility and
overlay performance of soft stamp imprint techngjnas only been marginally studied. A study
using PDMS stamps cured against a thick glass stapd Moiré pattern analysis found relative
distortions of just under a micron over an arearasll as 0.25 cAr® Using the waveprint
principle*® and micro-contact printing to pattern gold on gla average distortion of Quh
was found over an area of1D cm; a resulting overlay error up tpu was achieved over this
ared®. A recent study reported overlay errors of 4B using H-PDMS stamps and ~Q
when using a high modulus polymer (2600 MPa) aaraps. These results were obtained over an
area of only 5850 um.>®

2.8 Sol-gel imprint resist optimization

In section 2.2 details of the sol-gel chemistry pratessing for soft imprinting were shown. In
this section we present further details on thenogtition of the sol-gel imprint process. The
imprint process of a sol-gel layer takes placena steps. First, the solvents are removed and
second, the sol-gel has to form a rigid inorgamtvork by condensation between two Si-OH
groups or a Si-OH and Si-QCalkoxide) group.

2.8.1 Influence of the low vapor pressure solvents the imprint time

As described in section 2.2.3 the sol-gel imprasist is prepared from the hydrolysis base
material and n-propanol containing 2.0 wt. % 2-(@elxyethoxy)-ethyl-acetate (BEEA), low
vapor pressure solvent (LVPS). We studied sever&3.for use in the sol-gel imprint process.
Criteria for the choice of these solvents are:

» Compatibility with sol-gel chemistry (acid or basicemicals can not be used as this will
lead to uncontrolled condensation. Alcohols camftite corresponding alkoxides).

* Avoid excess swelling of the PDMS stamp material.

» The vapor pressure must be ~20-100 times lesshiaaof the majority solvents to ensure
the high boiling solvent will be the last remainiiguid in the sol-gel resist while water and
n-propanol are mostly removed.

* Non-toxic.

46



2 SCIL soft-nanoimprint of sol-gel materials

Three solvents were selected and tested for thféileince on the imprint time: 1,2-propanediol,
2-(2-butoxyethoxy)-ethyl-acetate (BEEA) and methghzoate (MBZ). The solvents’ physical
properties are listed in table VIII.

Solvent name Boiling point ( °C) Vapour pressure | Solvent type
@ 20°C (mBar)
1,2-propanediol 187 0.01 polar molecule
2-(2-butoxyethoxy)- 245 <0.013 Linear, semi-polar
ethyl-acetate (BEEA) molecule
Methyl-benzoate (MBZ) 199 0.25 Aromatic, slightly
polar molecule

Table VIII. Physical properties of low vapor pressgolvents used in sol-gel imprint resists.

To determine the influence of the LVPS on the imiptime a fresh solution of imprint resist is
prepared each time. Equal weights of the same eddfvgdrolysis batch are mixed with 1-
propanol, containing 2 wt. % of LVPS. This imprresist is used within two hours to imprint
spin coated sol-gel layers of 70 nm thickness.stamp consists of a 50-1Qf thick H-PDMS
layer with ~2 mm Sylgard 184 as backing. The H-PDdd8tains a grating pattern of 580 nm
pitch, a fill fraction of 0.3 and depth of 130 nkar each sol-gel mixture with a different LVPS
the imprint time is varied and the resulting solqgstterns are studied by SEM.

Figure 33 shows SEM images in cross section andigepof the grating under an angle of ~45°
for sol-gel imprint resists which contained (a) tLl % 1,2-propanediol and (b) 1 wt. % MBZ. It
shows that as the imprint times become longer thiengs are better defined with sharp corners
and a more defined roughness. This roughnesssemiren the master pattern and is replicated
with high fidelity. For shorter imprint times (2mBin. for MBZ, 5 min. for 1,2-propanediol) the
network formation has not progressed to such aenéxthat a glass-like solid has formed.

@)

Qi D ey

|

(b)

Figure 33. SEM images (cross section and top vigwsdl-gel gratings made using 1,2-pronanediolgiajl MBZ
(b) produced with varying imprint times. The infige of the low vapor pressure solvent can be gleatrberved.
Samples with 1,2-propanediol required at least 20utes to form high fidelity imprints. Sol-gel itnethyl-
benzoate form high fidelity patterns in less th@miinutes.
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The sol-gel layer then is a highly viscous liqurdgel and as a result of surface tension sharp
corners become rounded. Using resists which coedaiBZ high quality replicas could be
obtained using imprint times of less than 10 misutee Fig. 33(b). Similar results were
obtained for BEEA (data not shown). A sol-gel ressitaining 1,2-propanediol required at least
20 minutes to form a high fidelity replica. To eajpl the different behavior between 1,2-
propanediol and the two other solvents we deterdhiine time it takes the LVPS to diffuse into
the PDMS. To approximate imprint conditions anddaheunt of LVPS that remains after spin
coating, a mixture of water, 1-propanol and LVP 8 msame proportions as in a sol-gel resist is
spin coated on a silicon wafer. After the spin aging cycle (see Table 1ll) a thin layer of
LVPS is present on the substrate which is thempginted using the 580 nm grating stamp. At
first the grating becomes index matched by the L¥R&is therefore not visible. Over time the
LVPS is absorbed in the PDMS which removes thexndatching condition and diffraction
colors clearly visible by eye appear. The time l@smvimprinting a layer of HBS and appearance
of diffraction colors is ~2 minutes for all threma vapor pressure solvents in Table VIII. The
imprint time is thus mainly determined by the sel-¢p form an inorganic network. The
increased imprint time when using 1,2-propanedicdtiributed to the formation of silicon-
propanediol alkoxides during the last phase offiie coat cycle and during the imprint. These
alkoxides cannot condensate and suppress the rkdovoration. The two other solvent cannot
have substitution reactions with the sol-gel re@se Table I) and therefore exhibit a shorter
imprint time.

The pot life of the imprint resist is also influeacby the low vapor pressure solvent. Sol-gel
imprint resists which contained BEEA or MBZ carnsbared at -20 °C up to half a year and used
without influencing the imprint results. Resistsigfhcontained 1,2-propanediol can only be
used on the day of resist preparation. After a dortgne, even when storing at -25 °C, the
quality of the imprint is reduced. For example bgal grating with a height of 70 nm directly
after preparation of the resist reduces to a hafjkilO nm after a day. A possible mechanism
could be that 1,2-propanediol exchanges both éshall groups with silicon alkoxide groups
from different siloxane chains, effectively incremggsthe crosslink density. During the imprint
process the highly cross-linked sol-gel reachegdt$oint at a low solid content. After stamp
release this results in strong shrinkage of theygebfeatures.

For the remaining experiments we used BEEA or MBZhee high boiling solvent, with the
exception of the fabrication of 3D photonic crys&hplates. In this process multiple grating
layers are patterned on top of each other andrb@apediol is used because it does not dissolve
the planarizing polymer.

2.8.2 Influence of sol-gel synthesis on the impririime
The influence of time and temperature during therblysis step on the condensation degree is
studied by°Si nuclear magnetic resonance spectroscopy (NMRRR Kan be used to determine

the fraction of silicon atoms that have chemicaygen bonds to (multiple) other silicon
atoms®"®® The variation of this ratio can provide insightfire condensation degree.
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Figure 34 Si NMR-spectra of a TMOS-MTMS (1:1) solution irraganol. (a) NMR spectra after 10.5, 177.5 and
344 hours at 25 °C, respectively. (b) NMR specéefoie and after storing the sample for three moath25 °C.

Figure 34 show$®Si NMR spectra of hydrolysis mixtures consistingaof:1 molar ratio of
TMOS and MTMS and a water/silicon molar ratio oT@e hydrolysis was performed with 1 M
formic acid and a water/alkoxide ratio of 1:1. Aftee hydrolysis time of 30 minutes at 36 °C
the mixtures are diluted with n-propanol to a conicgion of 0.78 M Si/kg sol. The NMR
spectra are measured while the sol-gel sampleokeddo -5 °C to suppress aging. In Fig. 34
peaks labeled “T” correspond to MTMS molecules viifHL, 2 and 3 Si-O-Si bonds to other
silicon atoms, respectively. Similarly “Q” referesthe degree of bonding in TMOS. The peaks
of TMOS and MTMS can be distinguished and do netiay due to the methyl group which is
covalently bound to silicon that shifts the NMRrag

The aging (increased condensation) of a sol-geturexcan be studied by comparing NMR
spectra over time. Aging will result in a more censled and cross-linked network with increased
Tz and Q peak areas. This is clearly shown in Fig. 34(a) $how data for a hydrolysis mixture
that is stored at 25 °C for 10.5, 177.5 and 344$10the peak areas corresponding £0T%, Q;

and Q decrease while those 0§,1Q; and Q increase. When the same hydrolysis mixture is
stored at -28 °C the shift to higher condensati&grees is not observed, as is seen in Fig. 34(b).
This demonstrates that storage of sol-gel mixtatdsw temperatures is essential for potlife.

We studied the influence of the sol-gel condensategree on the minimum imprint time. To do
so, hydrolysis batches are prepared at a contr@legerature using a thermostated water bath
and allowed to react for varying times. Every tithe same amount of sol-gel is prepared
consisting of a 1:1 molar ratio of TMOS and MTMSwa molar water/silicon ratio of 9. The
hydrolysis is performed with 1 M formic acid andiater/alkoxide ratio of 1:1. After the defined
hydrolysis time the mixtures are diluted with nqpaool to a concentration of 0.78 M Si/kg sol.
The resulting hydrolysis mixtures are stored ireafer at -25 °C for at least 24 hours befise
NMR is performed to determine the condensation egfigure 35 shows the condensation
degree of TMOS and MTMS derived from the correspam@eak areas in NMR spectra. The
hydrolysis temperature and time differs for varyihg samples as indicated in the figure.
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Figure 35. Normalized condensation fraction for fidOS (a) and MTMS (b) precursors determined frben t
corresponding peak integrals in the NMR spectradiffierent hydrolysis temperature and time. Tempagis
controlled by a water bath. Samples RT1 and RT2rlvaaictive temperature control.

As can be seen from Fig. 35 longer hydrolysis tiareshigher temperatures increase the amount
of higher coordinated silicon atoms. The formatmhighly coordinated species become
increasingly difficult due to increased stericalderance, and requires higher temperatures and
more time. The samples RT1 and RT2 did not haveatgmperature control and as a result of
the exothermic hydrolysis reaction reach a tempegadf ~40-50 °C in about 1-2 min. after
which the temperature slowly decreases. From thdersation fractions in Fig. 35 the degree of
condensation (A§rcan be calculated for TMOS and likewise for MTMS.

AF = ore + 12 o w3 s gl
Q Q Q Q Q
Degree of condensation (AFor TMOS, with @the integral of the corresponding peak in the NdgBctrum and Q

the total peak integrals.

The results are shown in Fig. 36. As can be sbéemvterage the average condensation degree
increases with increased temperatures and hydsdiyses.

Next, we determined the minimum imprint time of ledydrolysis mixture. Therefore a fresh
imprint resist was prepared by mixing equal weighfta sol-gel hydrolysis mixture with 1-
propanol, which contained 2 weight percent of mebgnzoate. This mixture was used within

OAFt MTMS B AFt TMOS

Degree of condensation

RT1|RT2| 36°

Figuur 36. Degree of condensation of TMOS and MTW#Shydrolysis mixtures prepared using varying
temperatures and times. The maximum condensatgneelés 4 for TMOS and 3 for MTMS.
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two hours to imprint 70 nm thick sol-gel layershvé 1D-grating pattern of 580 nm pitch, fill
fraction'/s, and height 130 nm (equal to the stamp used irBBjg The imprint time was varied
for each hydrolysis mixture and the resulting selljgattern was studied by SEM. If the sol-gel
had not reached the glass point the features wetfldw and sharp edges would not be present
due to surface tension rounding. All the hydrolysistures could be imprinted in 10 to 15
minutes with high fidelity, except for the mixtusdnich was hydrolyzed for two hours at 50 °C,
which could not be imprinted at all. During the exments we noticed that the relative
humidity, ambient temperature and age of the intpasist influenced the imprint result more
substantially than the variation in the degreeooidensation. We therefore focused on the resist
composition and the role water plays in the fororabf the inorganic network.

2.8.3 The influence of water and alcohol on the sgkl equilibrium state

As shown above, the condensation degree of a $@ygéem can be stabilized by cooling.
However, a sol-gel system is in dynamic equilibri{g®e Table 1) and in solution hydrolysis and
esterification proceed even at low temperature.fdiad there was a profound effect on the
minimum imprint time as a function of alcohol ditut and water content. This is schematically
indicated in Fig. 37 which describes imprint resfitr different water content and resist dilution.

Adding water to the imprint resist significantlydreces the imprint time of resist that has been
stored at -25 °C. We explain this as follows. Thgpiint resist is prepared from the base
hydrolysis mixture diluted with an equal amountaiount of alcohol. The increased imprint
time can be explained by the shift in equilibritnorh hydroxyl to non-reactive alkoxide groups
(see esterification reaction in Table I). As a lethe formation of the inorganic network is
hindered, leading to a long imprint time. Addingteraincreases the reactive hydroxyl group
fraction (see hydrolysis reaction Table I) leadimg fast condensation reactions and thus shorter
imprint times.

2.8.4 Effect of water on sol-gel imprint performane

While a high water to silicon ratio is required &shorter imprint time, a high water content has
also disadvantages as it increases the surfadgeniesmisich promotes spontaneous de-wetting of
a thin sol-gel coating on a substrate. This effaatbe suppressed by using up to 3 wt. % BEEA
in the resist which lowers the surface tension. BEEA will be the last solvent to be removed
from the sol-gel material during spin coating doés low vapor pressure.

10 min. 3§‘C PrOH - BEEA 10 min. 3§‘C PrOH - BEEA
hydrolysis hydrolysis - water
10 min. 36 C 10 min. 36 €
H,0/Si=9 resist H ,0/Si=16 re5|st
Use within Store at - 25T Use within Store at— 25 C
2 hours and use after 2 hours and use after
24 hours 24 hours

Mlnlmum |mpr|nt M|n|mum imprint Minimum |mpr|nt Mlnlmum imprint

10 minutes 120 minutes 15 minutes 15 minutes

Figure 37. Diagram summarizing experiments on ffeceof sol-gel dilution and molar silicon/wateatio on the
minimum imprint time.
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Furthermore, a sol-gel resist with relatively highter content will lead to a coating with a
relatively high Si-OH content. During the imprirgiof sol-gel the water that is formed in the
sol-gel layer during cross-linking must be adsorwethe PDMS stamp. However, while water
has a relative high diffusion coefficient in PDM& it is a small molecule, the polar water
molecule has low affinity with the a-polar PDMS.elf&imount of water that can be absorbed in
PDMS is below 0.2 wt. %, compared to the absorptibfh wt. % for methanol, 5 wt. % for
ethanof® and up to ~10 wt. % n-propanol, which we determhimgabsorption experiments. The
limited water absorption of PDMS leads to problemm&n multiple imprints are made is short
succession using a high water content sol-geltrescmbination with a SCIL stamp with an
impermeable glass support plate. As a result, aftérimprints the required imprint time is
increased as the stamp becomes saturated with. Wateremaining water in the sol-gel layer
prevents condensation reactions to proceed. Weadidbserve this saturation effect for PDMS
stamps without glass support, as water is remdwedigh the top of the stamp. When a SCIL
stamp with glass support plate was flushed withnitrpgen for ~5 minutes after 3-4 imprints a
saturation effect was not observed. We concludeitithe stamp becomes saturated a short
nitrogen flush removes water from the SCIL stamp.

Based on the knowledge and practical experienagibesl above, we formulated the following
criteria for an optimized sol-gel imprint resist:

e High water to silicon ratio in the resist to incseghe amount of Si-OH groups (reaction 1, Table I)

« Remove water during the drying cycle of spin caep $o increase the condensation degree in thgedg
resist layer. (reaction 4, Table I)

e Substitute alcohol groups in the dilution solvefotssolvents which cannot exchange with sol-galo{@
reaction 2&3, Table I)

»  Substitute higher alcohols for lower alcohols towlfaster re-hydrolysis of formed alkoxide grolpshe
resist layer.

Various solvents and hydrolysis mixtures were pregpdased on the recipe in Table Il and
benchmarked on: minimum imprint time, wetting bebawand performance under different
relative humidity conditions. This resulted in teptimized resist formulations:

Resist A Resist B

Hydrolysis | Hydrolysis Il

e 120 min. 36 °C using 1M formic acid e 120 min. 36 °C using 1M formic acid

e Dilution with n-propanol to 0.78 M Si/ kg. and ¢ Dilution with ethanol to 0.78 M Si / kg. and
H,O/Si=9 H,O/Si=9

Imprint resist Imprint resist

e Dilution 1:1 with hydrolysis mixture I. e Mix mixtures I+l in ratio 1:9, then dilute 1:1.

e Dilution composition: 8.8 wt. % water, 25 wt. 4%+  Dilution composition: 8.8 wt. % water, 25 wt. %
acetonitrile, 2 wt. % BEEA and remainder acetonitrile , 2 wt. % BEEA and remainder
diethyl-acetal. diethyl-acetal.

Table 1X, Synthesis route of two optimized immésists based on the recipe in Table II.

Resists A and B have a water to silicon ratio af Aéetonitrile is hygroscopic and removes

water as it evaporates. Diethylacetal is addedusecd has a low surface tension and vapor
pressure equal to n-propanol. The resist compasitwe optimized to have good wetting and
form a uniform layer using spin coating. Both resisan be used to produce high fidelity

imprints in thick (~100 nm) and thin (~20 nm) s@ktpyers on silicon substrates in less than 5
minutes.
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The condensation degree of the sol-gel layer #feespin coat step is quite different for the two
resists. Using resist A, the formed sol-gel hada&ively low condensation ratio, is liquid even
without the use of BEEA and can be imprinted witghtfidelity. In constrast, resist B requires
the BEEA to keep the highly condensed sol-gel layarsoft gel state for it to be patterned. This
high condensation degree is obtained due to tHedugcentration of ethoxy groups in the sol-
gel. These hydrolyze and condensate more easdlyedsnitrile efficiently removes water from
the layer. When using resist B and more precismgrof the spincoat drying step, high fidelity
imprints can be made in less than 3 minutes. Brpossible as the inorganic network is already
almost completely formed upon imprinting. ResishBs requires a more critical timing but the
resulting imprint time is shorter.

2.8.5 Effect of the substrate on sol-gel imprint pgormance

Finally, we studied the effect of the substratetmimprint performance. Comparing Si and
GaAs substrates we found that using the same itmgsist high fidelity imprint are made in 10

minutes on silicon, but two hours are required wingprinting on a GaAs substrate. We used
Fourier-transform infrared spectroscopy (FT-IR)ytonitor the progress of chemical reactions in
the sol-gel layer during solidification on sevesabstrate$® The spectra are recorded by first
taking a background spectrum of a substrate in @amlair, after which the sol-gel layer is

applied on the substrate by spin coating and thgpkais studied by FT-IR in ambient air to

record transmission spectra of the sol-gel laygyurle 38 shows FT-IR transmission spectra
taken of a 100 nm thick sol-gel layer made usirsisteA as described in Table IX, taken after
~0.5 min. and 11 min. after spincoating, respettivehe absorption peaks are labeled with the
corresponding molecular vibrations.

A broad absorption peak is found around 3300 corresponding to Si-O-H groups. We further
distinguish silicon-methyl groups of MTMS, Si-O-&id Si-O bonds. As the sol-gel forms a
silica network we see the Si-OH absorption peakeadse due to condensation. The Si-O-Si
absorption peak (~1070 ¢hincreases and shifts to a lower wavenumber, diiee overlap
with a silicon-alkoxide absorption peak (~11609nwhich decreases in time due to

propanol /

water Si-CH,4 h\ {r
% \/
Si-OH
Si-OC,Hynes /

80
—— T= 0.5 min. Si-O stretch /w
—— T= 11 min. Si-O-Si

70""I""I""I""I""I""
3800 3300 2800 2300 1800 1300 800

Frequency (cm™)

100

Transmission (%)

Figure 38. FT-IR transmission spectra of a ~100thitk sol-gel layer on silicon taken after ~0.5 mand 11 min.
in ambient air.
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condensation reactions. The silicon-methyl peakable and can serve as a reference peak. The
Si-O stretch absorption peak decreases, while arased absorption is expected, but the
absorption of this band drops as it becomes ingatpd in the silica network.

By measuring reflectivity spectra of the sol-gsldaon a substrate the reactions in the sol-gel
layer can be monitored on substrates that arealfsprarent. The relative amount of (reactive)
groups is then monitored by recording multiple $rzein time and determining the surface area
of each peak. Figure 38 shows reflection measurtsra@the evolving peak area over time
corresponding to the Si-O-Si vibration in the seldgyer. The peak area is integrated from 1010
to 1090 crt to minimize interference with the absorption pealkesponding to silicon alkoxide
groups. For each measurement we used resist Aldé T4 and applied a 100 nm thick layer
which was dried for 20 seconds at 300 rpm and 26raks at 1000 rpm before the sample is
loaded in the FT-IR spectrometer. We used Si (oholyg native oxide), GaAs (with or without
plasma treatment), a sputter deposited layer #Adn silicon and a plasma grownyiSi layer

on silicon.

From the data in Fig. 39 it is clear that the si#tetsubstantially influences the condensation rate
of the sol-gel system. A SiQOnterface (native oxide on silicon) starts witte thighest
condensation degree, which steadily increases 19g 60er 10 minutes. A silicon nitride layer
shows an initial condensation degree that is soratlskver compared to native silicon oxide,
for longer times the condensation degree is inegtaser that for the Si substrate. For alumina,
GaAs and plasma treated GaAs surfaces the indredensation degree is low and remarkably,
on these surfaces the formation of a Si-O-Si ndtugovery slow compared to that for silica and
silicon nitride surfaces. The plasma treatmenthef GaAs wafer increases the condensation
degree compared to non-treated GaAs, indicatingffact of the surface chemistry. On the
alumina surface the degree of silica network foromafirst increases and then seems to be
hydrolyzed again as the corresponding Si-O-Si pe@a decrease over time. A possible
explanation for the different initial condensataeygree and speed of Si-O-Si network formation
between the samples can be a (catalytically formaeid) environment. For example, on the
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Figure 39. Peak area of the (1010-1090%rband corresponding to the Si-O-Si stretch vilmatmeasured in
reflection FT-IR spectroscopy of a 100 nm thickgalllayer on different substrates.
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aluminum oxide surface a specific combination gfland SiQ can form acid generating sites
in the presence of water. It is known that an aha¥silica compound can acid catalyze
hydrocarbon reactiors.On a GaAs surface A8; can be present which can form the strong
arsenic acid (BAsOy) that affects the condensation reaction. The géno/ hydrogen plasma
(partly) passivates the GaAs surface and prevémtdarmation of the arsenic acid. These
measurements indicate that a sol-gel resist wisidpiimized for one substrate type does not
necessarily perform optimally on other surfacess Has to be taken into account when other
substrates than silicon are used in sol-gel impitimgraphy.

2.9 Conclusions

We demonstrated substrate conformal imprint litap@y as a flexible large area nanoimprint
technology. By using a composite stamp compos#dmflass with soft rubber an on top a stiff
rubber wafer scale imprints can be made using l@squre and capillary action which results in
minimal in-plane pattern distortions. A newly deyd high Young’s modulus rubber prevents
instability of nm sized features. The whole stamptill flexible enough to allow conformal
contact and pattern over particle contaminants auithnducing damage to the stamp or
substrate. The new stiff rubber in combination waigtilica sol-gel based imprint resist is used in
combination with SCIL to imprint sub-10 nm silicatferns at room temperature. An optimized
sol-gel resist can be patterned on a silicon satestrvithin 3 minutes using SCIL. The SCIL
technique applies a stamp to a substrate with nailgiistortions. An overlay alignment process
and tooling has been developed which allows thé&iposg of a substrate with respect to a
stamp with nm precision, without the use of acteraperature control. Using this setup and box-
in-box alignment markers we demonstrated sub-560veriay alignment using imprinted sol-gel
layers.
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Chapter 3

Substrate conformal imprint lithography: robust wafer scale nanopatterns

We demonstrate a new wafer-scale nanofabricatiodmique offering nanometer resolution
called Substrate Conformal Imprint Lithography (BCThis technique makes use of composite
imprinting stamps composed of a patterned rublyer lith high Young’s modulus on a thin
glass support. The in-plane stiffness of the stawgds pattern deformation over large areas,
while out-of-plane flexibility allows conformal ctact to underlying surface features. The stamp
is used in conjunction with a novel sol-gel impriesist material that allows nanoscale features
to be replicated in a layer of rigid silica at rotemperature. We demonstrate better than 10 nm
resolution in imprinted grating patterns of lineslandividual pillars with high aspect ratio (up
to 5:1). Gaps as small as 6 nm can be reproduttha average pitch variation in replicated
patterns is measured to be less than 0.1 nm oxef.6These imprinted patterns can be used as
an etch mask to pattern underlying silicon and gusuwbstrates while maintaining sub-10 nm
resolution.
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3 Substrate conformal imprint lithography: robustfev scale nano-patterns

3.1 Introduction

Nanoimprint lithography is a replication techniqubere patterns are transferred through an
embossing principle. It allows the high throughpfatorication of three-dimensional
nanostructures over large areas. Nanoimprint caablenthe practical use of emerging
nanotechnology designs in many application areasuding solid-state lightinyf, laserd”,
sensors® and photovoltaid®. The first demonstrations of nanoimprint lithodmgused rigid
stamps to hot-emboss polymer layéMIL) or layers of UV-curable resist{UV-NIL). These
methods realized 25 nm resolution already in 1986reve demonstrated patterns down to 5
nm!* NIL and UV-NIL promised a route to cost effectifabrication of large area
nanostructures. However, the deployment of rigaingt nanoimprint technology has been
hindered by the sensitivity of contact to the pneseof particle contamination and wafer
inhomogeneities. Soft-nanoimprint lithography wiasidtaneously introduced as an alternative
to imprinting with rigid stamp%? Soft stamps proved more durable than rigid staamolsless
sensitive to particle contaminants and wafer inhgemeities. Additionally, multiple soft stamps
can be replicated from a single master pattern. é¥aw the resolution of soft-nanoimprint
lithography has not previously been shown to m#telperformance of rigid stamp imprinting.
This is commonly attributed to nanoscale elastiomheation of the soft rubber features of the
stamp. These deformations have additionally praddbihe alignment and overlay of multiple
layers.

Several combinations of rigid and soft stamp cotgkave been previously studied. Soft stamps
have been made on rigid supports to reduce patistortion over wafer scales, but these designs
do not offer nanoscale resolutibhThin rigid stamps have been made on soft andtilexi
supports to allow conformal contact over large slf€d but these designs remain vulnerable to
particle contaminants that can cause damage tostdmap surfacé*® Other alternative
composite stamps combining rigid and soft materedsiire high pressure or high temperature
processing conditions, do not allow for conformatct®, or exhibit creep which permanently
deforms the nanopatteffis

Here we present a new high throughput wafer scdlenanoimprint method that can address alll
of these challenges called Substrate Conformalitmhpithography (SCIL). Our method uses
composite flexible large-area rubber stamps mamie & quaternary siloxane-modified poly-di-
methyl-siloxane (PDMS) material with a high Youngiedulus. This rubber is laminated to a
thin glass carrier providing high in-plane stiffeeghile maintaining out-of-plane flexibility. We
use this stamp to replicate patterns in a novebssbl-gel based resist composed of tetra-methyl-
ortho-silicate (TMOS) and methyl-tri-methoxy-silafi®ITMS) that we have developed to
minimize post-imprint shrinkage. The combinatiortre improved stiffness of the stamp rubber
and the high silica content of the imprint resestds to feature sizes smaller than 10 nm. We
demonstrate the versatility of SCIL through exarapdé dense, high-aspect ratio nanoscale
pattern replication in quartz, silicon, InGaN, ametal layers over large areas with sub-nm
variations.

In soft-nanoimprint lithography, a rubber negatst@mp is first molded from a master pattern
that is typically generated using conventional &t ion-beam, or optical lithography, or by
interference lithography. The stamp rubber mustsb#iciently soft (Young’'s modulus
E<< 1 GPa) to enable conformal contact over largasa Silicone-based poly-di-methyl-siloxane
(PDMS) rubbers are most commonly used as theyramically inert, have low surface energy,
and have a high permeability for gasses and savAdiditionally these materials are non-toxic,
bio-compatible, and optically transparent to visibght. However, silicone rubbers typically
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have a low Young’s modulus (1-3 MPa) which causelfapse of the stamp features at
micrometer scales. To solve this problem a high uhed(8 MPa) silicone rubber (H-PDMS)
was previously developed, which allowed patterrdogvn to ~200 nm scales before feature
collapse occurre Further improvement in the resolution of soft-niamarint lithography
requires the development of a new stamp materidls imcreased stiffness. However, these
materials must still allow conformal contact and fiemperature processing.

We have developed a suitable high-modulus silicabber which is made from a combination
of vinyl-modified linear di-methyl-siloxanes (as HrPDMS) and vinyl-modified quaternary
siloxanes. The latter component increases thasitrcrosslink density in the rubber and thereby
the Young’'s modulus. The mixture is cross linkethwiydride modified linear siloxanes using a
platinum catalyzed vinyl-hydride addition reacttdrBy changing the linear to quaternary
siloxane ratio, we synthesize rubbers with Youmgéglulus up to 80 MPa. The rubber material
with the highest attained stiffness (X-PDMS) alldtws faithful replication of dense sub-10 nm
features while still providing conformal contacten\a full wafer.

3.2 Substrate Conformal Imprint Lithography

Before the rubber negative stamp is molded fromthster pattern, the surface of the master is
coated with a monolayer of 1,1,2,2-H-perfluoro-dedychloro-silane through vapor phase
deposition to prevent the possible adhesion of XaBDMS materiaf> The X-PDMS
components are thoroughly mixed and de-gassed add.B0um thick layer is formed over the
master by spin coating for 30 seconds at 1000 rpi@ams a tacky layer after a pre-cure for 15
minutes at 50 °C. Next, low-modulus PDMS (Sylga8d)lis poured over the X-PDMS layer on
the master. This PDMS is squeezed between the naamster 20Qum thick AF45 glass support
plate to form a uniform layer of ~0.5 mm thickneBke “master — X-PDMS — PDMS - glass”
sandwich is cured for 24 hours in an oven at 50T rubber negative stamp is then released
from the master by gentle peeling and excess PDM8udling above the pattern plane is
trimmed. Using this procedure multiple stamps aamblded from the master without additional
reapplication of the fluor monolayer. Our stamgicggion method ensures that the rubber stamp
is always attached to a mechanically stable casiterhigh in-plane stiffness to maintain pattern
fidelity. The out-of-plane flexibility of the thirglass support plate allows for substrate
inhomogeneity and enables wafer-scale conformabectnlhe soft PDMS rubber layer allows
local conformation around particle contaminantsoltavoids damage to stamp or substrate.

Wafer-scale imprints are made using the composamss and a specially designed SCIL
imprint tool. The stamp is held in the imprint tdny a flat plate with 80 grooves under low

vacuum as shown in Fig. 1(a). The substrate tabtenmed is coated with a liquid sol-gel resist
and aligned in the imprint tool parallel to themspaat an initial spacing of ~1Q0n. The stamp

is then brought into contact with the substratesbguentially pressurizing the grooves to an
overpressure of ~20 mbar (starting from the sidkjs procedure gently curves the composite
stamp over a length of ~2 cm until a line contachfs with the substrate. As the remaining
grooves are sequentially pressurized, capillargeeipull the stamp into the resist and the line
contact continually moves forward while avoidingiaclusions, as in Fig. 1(b). The stamp is

kept in contact as the liquid resist cross-linkitom a solid silica replica. The composite stamp
is then released from the patterned resist by seigllg evacuating grooves from one side,

resulting in a controlled peeling like release frima imprinted patterns.
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® Substrate with liquid resist layer (b)
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Figure 1. Substrate Conformal Imprint Lithograp!8Q]IL) principle. A rubber composite stamp is imggéhinto a
substrate covered with a liquid resist layer byisattially pressurizing an array of grooves in tt@nsp actuator
plate. Low imprint pressure is used and minimatéois required for release by peeling. (a) Timeusege of an
imprint step showing the evolution of the contaetaby the sequential pressurization of the groofigsAdvancing
capillary contact line due to wetting at both irfeses.

The sol-gel resist precursor developed in this vimptepared from tetra-methoxy-ortho-silicate
(TMOS) and methyl-tri-methoxy-silane (MTMS) in dInolar ratio. This mixture is hydrolyzed
for 30 minutes at room temperature using a 1:1 madio of alkoxide-groups:water
(the water is acidified with 1 M formic acid). Aftéhe hydrolysis reaction additional water is
added to obtain a 9:1 total molar ratio of watécen. The hydrolyzed mixture is then stabilized
by dilution with n-propanol to reach a concentmaid 0.78 mol Si/ kg and stored at -20 °C. The
final sol-gel imprint resist material is prepargadbixing equal masses of the n-propanol diluted
precursor and 1 weight-percent 1,2-propanediol.

Resist layers with a thickness ranging from 10G0 @m are formed by spin coating. Volatile
components evaporate during the drying of thetidsess/ing mainly silicon oxide oligomers and
non-volatile 1,2-propanediol. The remaining 1,2gandiol keeps the sol-gel liquid after spin
coating during the ~1 minute transfer of the sudtetto the SCIL imprint tool. When the
composite stamp is in contact with the substrafeptopanediol diffuses into the PDMS rubber
stamp which increases the concentration of readilteon-hydroxyl and silicon-alkoxide
groups. These subsequently condense to form aganmrnetwork of Si-O-Si bonds while the
reaction products (water and alcohols) are rembyatiffusion into the stamp. After 10 minutes
contact at room temperature the stamp can be radioemn the glass sol-gel structure. The
resulting sol-gel patterns are composed of ~90 ltgigrcent silicon oxide and remaining
organic components.

Figure 2(a) shows secondary electron microscopdMjSmages of imprinted silica nano-
gratings of 150 nm pitch, 25 nm width and 100 nniglieon a silicon substrate. This
demonstrates that high-aspect ratio nanoscalerésatan be made directly using the X-PDMS
stamp material. Similar structures would be imgassio fabricate directly using conventional
(H-)PDMS. Figure 2(b) shows silica pillars with iamheter of 130 nm and a height of 650 nm,
demonstrating that individual high-aspect ratiddeas can be printed with high fidelity. In Fig.
2(c), 100 nm tall silica pillars of 30 nm diame#&ee shown on a pitch of 50 nm, demonstrating
the fabrication of high density patterns. Figurd)2¢hows an array of paired silica pillars
separated by sub-10 nm gaps on a pitch of 30 nm.pHttern is a 1-to-1 replica of the master
pattern as verified by SEM, demonstrating thatXifeDMS stamp is able to hold and replicate
sub-10 nm features. All of the structures are caypéid as intended and no periodic defects such
as consistently missing or broken features arergbdeThe high aspect ratio structures are
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Figure 2. Directly replicated high aspect ratio pas in silica. (a) Silica grating with 25 nm
wide, 100 nm high lines at a pitch of 150 nm. (imtaken 10° out of plane). (b) Silica pillars,
diameter 130 nm, height 650 nm. (c) 30 nm diam@&@®,nm high silica pillars on a 50 nm
pitch. (image taken under 30°). (d) Array of paipeltars on a pitch of 30 nm, separated by sub-
10 nm gaps.

relatively easy to replicate as the rubber stamptemporarily deform to accommodate the
release of the rigid silica structures. These cepdid patterns demonstrate that our high-Young’s
modulus X-PDMS silicone rubber is capable of faitlyf replicating dense, high aspect ratio
sub-10 nm features over large areas.

A single composite rubber stamp containing 580 nohratings with 130 nm wide lines was
used to make over 3000 imprints and cleaned numsdnmes in a solution of diluted 1 wt. %
hydrogen fluoride. We did not observe any variaiiothe replicated patterns (height, width,
shape) over the course of this experiment. Thisvshiibat an inexpensive rubber stamp can be
durable. The direct patterning of light- and tenapere-stable silicon oxide could be useful for
IR, optical, and UV components such as gratingstgohc crystals, diffractive optical elements,
graded index coatings, and templates for bit-pad¢igmmedia. This demonstrates, for the first
time, a robust and potentially cost-effective lasgea imprint lithography with nanometer
resolution.

The patterns in Fig. 2 have a high surface-to-veluatio. This is a favorable geometry to
imprint because features are rapidly filled witlpinmt resist by capillary forces while air trapped
in the features diffuses into the rubber. In catid®w aspect ratio structures are more difficult
to replicate as the resist has to flow over lorggadices in channels with restricted height.
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Figure 3. Extremely low aspect ratio grating prepdiby SCIL. White light interferometry surface jeasf 100 nm
high gratings with a pitch of (a) 128n and (b) 256m meter replicated in a 100 nm thick sol-gel layéme scans
are shown taken perpendicular to the grating lindste the scale difference in vertical and horiabatxes.

Figure 3 shows white light surface profilometry siw@@ments of replicated very low aspect ratio
gratings with pitches of 128 and 256n and 100 nm height. These structures were
simultaneously imprinted in a sol-gel imprint réd#s/er of 100 nm thickness. Line scans are
taken perpendicularly to the grating lines. In RB¢) the raised areas of the 128 pitch
grating are flat to within 2 nm while the recesaeghs are flat to within 7 nm. The difference in
flatness between the two levels can be explaingtdynore constricted material flow between
the substrate and stamp in the recessed regiolgg(sthickness 50 nm) and the raised areas
(sol-gel thickness 150 nm). In Fig. 3(b), A5® pitch grating patterns are shown to be level to
within only 40 nm, demonstrating the limit of tilggometry for the SCIL technique. During the
imprint process we observed that both grating jpeneere index matched when the stamp was
in contact with the resist, meaning that both gggiwere in complete contact with the liquid
resist. This implies that capillary pressure ishh@pough to distort the rubber, leading to the
observed curved pattern. This demonstrates thatreathigh imprint pressures are not required
due to the strong capillary action.

Previous work on the direct patterning of sol-gatenials reported volume shrinkages of tens of
percents at room temperature, resulting in deforfeatlires after stamp reled$é>#In this
work, the combination of MTMS and TMOS led to a wohed reduction of the cross link
density in our imprint resist material. This allajues to maximize the amount of inorganic silica
in the liquid sol-gel during patterning and greatgduce post-imprinting shrinkage. We
compared the dimensions of grating patterns imntelgafter imprinting and after sintering at
1100 °C to completely convert the sol-gel to desilsea (as confirmed by ellipsometry on planar
layers). Even after sintering at these high tentpega the grating patterns are preserved. This
allows us to bound shrinkage in the modified sdligrint resist to only 16% in width and 18%
in height for grating lines similar to those shawiig. 2(a). This feature shrinkage suggests that
the initial sol-gel density is almost 70%.

3.3 High resolution pattern transfer

An imprinted sol-gel pattern is an ideal hard maskransfer patterns into a substrate using
reactive-ion etching (RIE). After optimizing thetial resist layer thickness, the residual layer
remaining under the recessed features after impgimn$ typically <10 nm. This thin layer is
removed using a fluorine RIE-based breakthrough. &te achieve a highly anisotropic etch of
the sol-gel material at a rate of 30 nm/min usifg&hd N in a 1:2 flow ratio at a pressure of 12
mTorr and a RF-power of 50 W. After the breakthioetch, the underlying layer between the
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imprinted sol-gel features is exposed. This layer subsequently be patterned by further etch
steps. Figure 4 shows SEM images of the 50 nm pitphinted sol-gel patterns shown in Fig.
2(c) after transfer by etching into (a) silicon ghjlquartz. The silicon was etched to a depth of
~75 nm using a GIN, gas mixture at 40 mTorr and a RF-power of 100 W& ifemaining sol-gel
etch mask can be seen on top of the silicon pillasdransfer imprinted patterns into quartz a 10
nm thick chromium transfer layer was first depasiom the quartz substrate wafer by sputter
deposition. The sol-gel patterns were replicatetbprof the chromium layer and the residual
sol-gel layer removed by fluorine RIE. AALD, RIE process is used to pattern the chromium
layer and a subsequent CH¥ased RIE etch transfers the pattern to a deptb@hm into the
guartz substrate (removing the sol-gel etch maskedi}. Note that the gaps between the etched
pillars in Fig. 4(b) are smaller than 10 nm, denti@isg that the nanoscale features shown in
Fig. 2(d) are fully transferred into the quartz stuéte.

The uniformity of the residual resist layer thickees important for the reliable transfer of the
imprinted features into the underlying layer duriig. Using interference lithography a master
pattern was made on a 150 mm diameter silicon veafesisting of 360-375 nm diameter holes
with a depth of 180 nm, on a square lattice wighteh of 513 nm. Using the SCIL process this
pattern was replicated in sol-gel on a 150 mm dianslicon wafer. A fluorine breakthrough
etch removed 25 nm of sol-gel material to exposeitiderlying silicon substrate. Subsequently
a Cb/N; based RIE at a pressure of 40 mT for was usedrsfer the hole pattern to a depth of
~260 nm into the silicon. The sol-gel etch mask thas removed in diluted HF. Figure 5 shows
photographs of (a) the master hole pattern, (b$tbi. stamp containing sol-gel pillars and (c)
the replicated hole pattern after etching intosilieon wafer and removing the sol-gel resist. The
homogeneous interference colors seen in the plagibgeveal that the pattern is homogeneously
transferred over the entire silicon wafer area. dlbar reproduction of the hole patterns can also
be seen in the SEM images of the master and thieatgul structures, shown in the inset in Fig.
5(a) and 5(c).
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Figure 4. SCIL imprinted hard mask: 50 nm pitcHapg etched in silicon and quartz. The ~ 20 nmkhesidual
layer is first removed by GRRIE after the patterns are transferred into silid@) and quartz (b). The patternin (a)
is etched in silicon by using £, RIE the oxide etch mask can be seen on top afltben pillars. In (b) the sol-
gel pattern is used to pattern a chrome layer aftbich the pattern was transferred into quartz gstHR; RIE.
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Figure 5. Wafer scale imprint and pattern trandfgr SCIL. Uniform interference color bands in thg gattern
master, (b) SCIL stamp, and (c) replicated patggmonstrate the uniformity of a hole pattern (diten870 nm,
pitch 513 nm) through the SCIL imprint process.

To further demonstrate the flexibility of the SCiéchnique we show that etch selectivity
between silica and silicon can be used to invedttern tone. The SEM images and schematic
cross section shown inset in Fig. 6 illustraterarersion of the hole pattern shown in Fig. 5.
First, the hole pattern was imprinted on a silie@ier (a). Then the residual sol-gel resist layer
was removed by GFRRIE and the pattern was transferred into theailisubstrate by €RIE

(b). A HF wet etch was then performed, followedspin-coating a 100 nm thick sol-gel layer to
planarize the surface. A @RIE of the sol-gel is used to expose the surraumdilicon leading

to a planarized structure of holes in silicon @llleith sol-gel (c). Next, the silicon surrounding
the infilled holes is RIE etched using,®kelow the depth of the holes to invert the pat(dynA
final wet HF etch removes the sol-gel etch maskAs)an be seen in Fig. 6(e), a regular array
of silicon pillars results with a fill fraction cagsponding to the original hole pattern. The height
of the pillars can be determined by the duratiotheffinal silicon RIE etch.

Figure 6. Pattern tone inversion using SCIL. A eatf holes is imprinted in silica sol-gel resist a silicon
substrate (a) and transferred into the silicon b Rb). The silica etch mask is first removed hyed etch before
the hole patterns are planarized by a layer of sgpated sol-gel. This layer is subsequently RiBedauntil the
silicon is exposed between the silica filled h¢tg4Jsing a selective €N, silicon etch the surrounding silicon is
etched to below the silica plug, inverting the patone (d) after which the silica dot mask is reawby a wet etch
(e). This process inverts the hole pattern to lppattern with equal fill fraction. Scale bar regsents 500 nm.

68



3 Substrate conformal imprint lithography: robustfev scale nano-patterns

3.4 Pattern deformation characterization

To minimize pattern deformations on a wafer sdhkeyubber stamp is always attached to a rigid
support. To study the pattern distortion over gdarea we measured the variations in the pitch
of a grating replicated using SCIL on a 150 mm ditenwafer. A 31m pitch master grating was
made using an ASML wafer stepper to illuminatestesiith 365 nm light. Grating areas of
15x15 mm were stitched to populate the whole wafeis phttern was transferred to a depth of
90 nm in the silicon by RIE. A composite stamp waspared as described above from the
silicon master. Using SCIL the grating was repkckin sol-gel on AF 45 glass. The pitch of the
master and sol-gel replica grating was determinediuminating the grating perpendicular to
the surface using a He-Ne laser at a wavelendiB2B8 nm with a spot diameter of 12%. The
pitch variation was determined by measuring th&tian in the angle between the reflectei -4
and +4" diffraction orders using two CCD cameras. By séagthe laser spot over the sample
and tracking the reflected diffraction orders oatiivo cameras, we produced a two-dimensional
map of the grating pitch averaged over the bearhsspe. Figure 7 shows images of the grating
pitch for the master (a) and the sol-gel replicaemwthe imprint direction (see Fig. 1) is applied
parallel (b) or perpendicular (c) to the SCIL gresvAs can be seen from the figure, the
variation in average grating pitch for both the taagrating and the replica grating is less than
0.1 nm. The bright lines are due to stitching exrbetween the 285 mm grating areas,
introduced in the mastering process. Isolatedaaitsfin the replicas (indicated by arrows) are
due to contamination of the imprinted substratedbgt particles, as confirmed by optical
microscopy at those locations. Note that theseigartontaminants only cause pattern
deformation in a small region around the partiBgcomparing the images for the two imprint
directions we conclude that the imprint directiaes not influence the deformation of the
replicated grating. The step wise application & #tamp is also not detectable. To our
knowledge, the demonstrated average pitch variafitess than 0.1 nm represents a replication
fidelity that has never been shown before usingstafnp imprint method$:*’

Particle-induced deformation stress is accommodatibe soft intermediate PDMS layer before
it reaches the thin glass plate which supportsubber. This localizes the deformation to the
immediate surrounding region of the particle contemt and ensures the remainder of the
pattern is imprinted without deformations. The latad deformation of the rubber stamp can be
clearly inferred from Fig. 8, which shows SEM imagé two substrates imprinted using SCIL

@ Master ®  Replica ] ©  Replica || +0.1nm

25 mm

3000 nm
A Grating Pitch

25 mm

Figure 7. Less than 0.1 nm average pitch variatvar large areas. The two-dimensional spatial distiion of the
grating pitch of the master pattern (a) and solggdlicas imprinted either perpendicular (b) or jgdlel (c) to the
grating orientation shows pattern fidelity betthah 0.1nm over cm scales. The grating pitch rafrges 2999.9 to
3000.1 nm, as measured using a HeNe laser diftradgchnique.
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Figure 8. Conformal imprinting over particle contarants. SEM images of patterns in sol-gel imprinbeer
particle contaminants which were present on thestsake surface during the imprint process. The stdimp
conforms to the local topography and replicatesgattern on and directly around the particle. THatesscale bar
represents 500 nm.

over particle contaminants with heights up to teres the imprint resist layer thickness. As can
be seen from Fig. 8 the stamp actually imprints ghtern on top of and over the particle

contaminant. At a small distance away from defhet pattern continues without distortion.

These images also demonstrate the self-cleaningiple of soft stamps. When using a rigid

stamp, this type of defect would cause damagedatdmp or to the substrate and potentially
generate additional particles.

3.5 Photonic crystal LEDs

Solid-state lighting is a potential major market f@noimprint lithography. Photonic crystal
patterns etched in the active semiconductor lafy@and_ED can enable high light extraction
efficiency over a narrow angular range, surpassiagprightness that can be achieved by using a
randomly roughened surfateldeally, the photonic crystal would be patternedboithe
semiconductor LED layer stack over the full wafieectly after the epitaxial growth. However,
for a photonic crystal LED to exhibit the desiredigsion pattern, the photonic crystal lattice
dimensions must be precisely tuned to the LED donissvavelength. As the emission
wavelengths of fabricated LEDs always vary due &fewscale inhomogeneities during the
epitaxial growth process, process-integrated photwgstals patterning after epitaxial growth is
not possible.

As we have demonstrated in the examples given alley@exibility of the SCIL stamp allows

it to follow roughness and height variation whemrmting nanoscale features onto substrates.
Here we show that we can faithfully imprint photmrystal patterns on a non-continuous
substrate. By pre-selecting LEDs with similar peakssion wavelengths these can be patterned
with the matched photonic crystal lattice and aahe desired emission profiles and light
extraction. A 3” diameter silicon sub-mount wafentains high power InGaN flip chip LEDs
with an area of 1 mfreach on a square staggered pitch of 1.7 mm. Takaea of the wafer
containing LEDs to be patterned is 46 mnf. The height variation between the surfaces of
the LEDs is up to 2(m. A 150 nm thick sol-gel layer is applied over tgole wafer by spray
coating, using a needle valve and high pressute agbulize the liquid imprint resist. The spray
coat head makes four passes over the wafer to apphsonable homogeneous coverage of sol-
gel resist (the droplets are further planarizeddpillary forces). Directly after spray coating the
wafer is loaded in the SCIL tool and imprinted. Bt@mp makes contact only with the tops of
the LED chips. The photonic crystal pattern cos$t-365 nm diameter holes in a square array
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with a pitch of 513 nm (similar to the patternswhan Fig. 5). After imprinting, a RIE etch is
applied to the whole wafer to remove ~50 nm ofdesl sol-gel material. Next, the sol-gel
patterns are transferred into the GaN to a dept#300 nm using GIN, RIE at a pressure of 40
mT. Figure 9(a) shows a photograph of the impriated etched LED wafer. Interference colors
resulting from the hole pattern can be seen omnithgidual LED chips. In Fig. 9(b) an SEM
image of the corner of one LED is shown, confirniingt the patterns have been imprinted and
etched in the GaN up to the edge of each LED dip.inset shows a high magnification SEM
image of the etched holes in which the residuaigebletch mask can be distinguished at the
surface.

The emission pattern of one LED was measured btacting the diode with needle probes and
driving it at 50 mA. An optical fiber integratedthilenses creating a focus at the centre of the
LED was scanned over a range of azimuthal and argles. A linear CCD camera and a grating
spectrometer were used to record spectra at egcieaposition. Figure 9(c) shows the angle-
averaged emission spectrum of the LED, which paak80 nm. In Fig. 9(d) the normalized far-
field angular emission profiles are shown to varghvazumuthal angle. Data are shown for

Intensity

OO T T T T

440 460 480 500 520 540
Wavelength (nm)

(©)

(d) 510 nm 520 nm 530 nm
Figure 9. (a) SCIL patterned photonic crystal LEQes) Photograph of a 3” diameter silicon sub-mowvafer
covered with 1 mfrinGaN LEDs showing interference colors of the iimgd hole pattern. (b) SEM image of a
corner of an imprinted and etched LED, the insetgha high magnification image of the etched hiileth images
are taken under an angle of ~40°). (c) Integratednmalized emission spectrum of the photonic cnisEdD at a
drive current of 50 mA. (d) Electro luminescenadfiield angular distribution of a photonic crystaED. The centre
of the circle corresponds to emission normal toltE® surface, the edge corresponds to emissionrardangle of
80° to the surface normal.
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several different wavelengths in the range of 4804m. The square symmetry of the photonic
crystal pattern can be inferred from the symmetithe far-field emission patterns in Fig. 9(d).
Bright circles in these patterns correspond to y=&®rot resonances of light traveling normal to
the ~4um thick GaN active layer. The photonic crystal ettinto the LED shifts the angular
emission pattern as the wavelength is changednéneased brightness can be achieved when
the photonic crystal diffraction pattern overlapgwthe Fabry-Perot mode close to the normal.
For this device, this condition occurs around arssion wavelength of 530 nm. In this present
design the InGaN layer thickness is p# thick while the holes are ~300 nm deep. The LED
emission is therefore not expected to be stronglyplked to the photonic crystal. However, our
results clearly indicate a route towards contr@rdte angular emission using photonic crystal
patterns applied using the SCIL process. Futur&wai focus on LED samples with thinner
GaN layer thickness and deeper holes to increagaing.

3.6 Noble metal patterning using SCIL

Finally, we demonstrate the use of SCIL to fabeaattallic nanostructures. A ~100 nm thick
layer of polymethylmethacrylate (PMMA, 50 K) is digd on a silicon substrate by spin coating
and baked on a hotplate at 150 °C for 15 minutekg8l patterns are defined on top of the
PMMA layer using the SCIL process and the residuplint resist layer is removed by fluorine
based RIE etching. A low-pressure oxygen RIE ia theed to transfer the sol-gel pattern into the
underlying PMMA layer. The oxygen RIE stops whea$hbstrate is reached. A brief over-etch
is intentionally applied to laterally etch the PMM#der the sol-gel etch mask. Next, gold is
deposited over the patterned sol-gel / PMMA layeelectron-beam evaporation under normal
incidence. A lift-off process is performed in agetoat 50 °C which quickly dissolves the
remaining PMMA. This releases the imprinted sol-lggler covered with metal which is
suspended by PMMA and leaves a pattern of metalpaaticles of controlled thickness on the
substrate. Figure 10(a) shows an SEM image of 10Q@hick gold dots patterned using this
method in a honeycomb arrangement and Fig. 10¢wsk150 nm diameter, 100 nm thick gold
dots similarly patterned in a quasicrystal arrangeimT he gold patterns are slightly tapered due
to the buildup of metal on the sol-gel mask whialrows the effective diameter of the holes by
shadowing during the deposition. The large-areaseatle lift-off process presented here can be
used to fabricate plasmonic light coupling andpiiag layers for large-area photovoltdics
sensors based on surface enhanced Raman specirdstop

(b)

Figure 10. Gold metal particles by a SCIL lift-afethod. The pattern is imprinted in sol-gel onaép ~100 nm
PMMA layer and the pattern transferred in the PMBloxygen RIE. Next metal is evaporated and the RIddl-

gel mask removed by dissolution of the PMMA irfteoff procedure. Gold metal dots of 100 nm heighfa)

honeycomb arrangement (b) quasi-crystal arrangeriemé scale bar represents 500 nm.
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In the previous example, we used SCIL and lifttoffabricate a positive tone pattern of metal
dots. The inversed pattern, a noble metal holg/aisalso of interest due to the surface plasmon
polarition mediated extraordinary transmissionglit. Arrays of nanoscale holes in metal films
are also of interest as nanoscale light concemsradobe used in bio-sensors, plasmonic solar
cells, and angle insensitive color filters. Unfotely, the lift-off procedure is not well suitext
the fabrication of arrays of holes as the procassrequire the use of a thin (2-5 nm) adhesion
layer of titanium or chromium which is known tostgly absorbs surface plasmons. Also, a lift-
off process would release many metal dots corrafipgro the holes in the metal layer. A large
fraction of these dots will adhere to the arrayiryiprocessing, causing increased scattering
losses and reduced coupling to surface plasmonernative methods are necessary to use
nanoimprint lithography to produce arrays of naatsdoles in a metal film. However the
methods demonstrated previously have resulteagilé freely floating arraySor in structures

in which the holes were not fully continuous thrbule filnT, leading to additional resonances
and limiting total transmission. We have develop&CIL-based process to fabricate nano-hole
arrays over large areas on any substrate, wheevaid absorbing adhesion layers and do not
generate dots than might otherwise adhere to tleedny.

Our process begins with the replication of a sqaaray (780 nm pitch) of high aspect ratio
silica pillars with a diameter of 150 nm using S(3lmilar to those as shown in Fig. 2(b). These
pillars are overcoated with 250 nm gold using sudeposition. A sputter process deposits an
equal amount of material per unit area and thusltsees relatively thin and porous metal
deposition on the pillar sides. The full metal Kmess is deposited on the substrate between the
pillars and on the tops of the pillars. Next, ~hB0gold is removed using a thio-urea and iron-
sulphate based wet etch solution (etch rate ~3gmmy. This short etch process removes all the
metal from the sides and tops of the pillars duéheohigh surface-to-volume ratio in these
regions and leaves ~120 nm of gold on the subdigdteeen the pillars. The pillars defining the
holes are then removed in a short etch using Paviydrogen fluoride in water, forming a
regular hole-array on the underlying substrateurfeid.1(a) shows a SEM image of a hole array
fabricated using this method on glass, which shregslar circular holes in a smooth metal film.
The diameter of the holes is enlarged to 180 nmtdue combination of shadowing effects
during sputter deposition and erosion during theeteh process steps.

We characterized the hole array by angle-resolkatsimission measurements. Light from an
incandescent lamp was coupled in to a@®multimode fiber and the fiber output was focused
to a ~30Qum diameter spot on the sample. The transmittedl\wgk collected by a fiber-coupled
grating spectrometer with a CCD detector. The nigakaiperture of the incident and transmitted
light beam was limited to <0.01. The substrate plased onto a rotation mount with the rotation
axis aligned with the (0, 1) direction of the hateay. Polarization filters were placed in the the
incident and transmitted beam paths to select pghdrized perpendicular to this direction (p-
polarization). The transmission was normalizechttansmission measured through a region
where no metal was present.

Figure 11(b) shows the transmission of the holayaas function of the angle of incidence
(horizontal axis) and illumination wavelength (veat axis). The measurements show several
extraordinary transmission peaks related to sugtsemon excitation by different grating orders
on both sides of the array. The broad minima anximmain the transmission spectra are caused
by Fano resonances of directly transmitted liglt 8RP mediated transmitted light?
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Figure 11. Array of nanoholes in a optically thigild layer. (a) SEM image of a square array of h&®Ddiameter
holes in a ~120 nm thick gold film. The white sdserepresents am. (b) Optical transmission versus frequency

and incidence angle for the array.

The different slopes of the dark bands in Fig. 1tfrespond to the different dispersion on the
glass side and air side of the hole arfayhe normalized transmission reaches a maximum of
3.2 % for 649 nm light. Together with SEM inspewtibese transmission measurements indicate

that the nanohole array is homogeneous and freeetdllic particles.

3.7 Conclusions

We demonstrate Substrate Conformal Imprint Lithpgsa(SCIL), a novel soft-nanoimprint
technique offering sub-10 nm resolution over 150 diameter substrates. The newly developed
high modulus X-PDMS stamp material enables thedsgresolution dense pattern replication
reported to date for a soft imprint fabricationtteijue while still allowing conformal contact to
be made across a full wafer. In-plane pattern distts are avoided by lamination of the stamp
to a thin glass carrier during stamp replicatiohisTflexible composite stamp allows a silica
based sol-gel imprint resist to be patterned witgh Hidelity. We demonstrate the direct
replication of nanostructures with aspect ratioamto 5:1, feature pitches as small as 30 nm,
and a minimum feature size of 6 nm. Large areaimgpwith minimal pattern distortions and
without air inclusions are made at ambient presanceroom temperature. The sol-gel imprint
process is shown to be driven primarily by capyllpressure allowing imprinting over large
particle contaminants without damage to the stantp the substrate.

The sol-gel resist exhibits record low shrinkage aright and temperature stable, which makes
it appropriate for use as a directly patterned haesk in subsequent RIE pattern transfer
processes. Imprinted sol-gel patterns can befgaed into silicon and silica by this method
while preserving sub-10 nm resolution. By usingdtah selectivity between the sol-gel imprint
resist and silicon the imprinted patterns can béumly inverted at wafer scale. Procedures
have also been developed to pattern arrays of matalparticles and holes in gold over large

areas.

The combination of uniform wafer scale patterninthwsub-10 nm resolution and minimal in-
plane pattern distortion has never before been dstraied using a room temperature conformal
imprint technique. Together with the use of a fulgrganic imprint resist the SCIL process
opens up many new possibilities in emerging apptioaareas which rely on large-area
nanopatterning, such as solid-state lighting, Bss¥nsors and photovoltaics.
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Chapter 4

Fabrication of wafer-scale 3D optical photonic cry&ls by soft-nanoimprint
lithography

We present a novel method to fabricate 3D woodgiletonic crystals for visible light (240 nm
pitch) using a new wafer-scale nano-imprint methatth sub-50 nm resolution. Gratings are
imprinted in a sol-gel layer that is planarizegtmt subsequent layers to build up a 3D photonic
crystal structure. Replicated test patterns (wighteh of 3 micron) exhibit an averaged pitch
variation of less than 0.1 nm over ax25 mm area. The 3D woodpile structure is stableoup
1050 °C in air, which facilitates infiltration ofi¢ structure with dielectrics of a high index of
refraction. We demonstrate overlay alignment betvte® imprinted layers with a misalignment
of <100 nm over an area as large &3 8m; with a magnification error as small as 12m.
Using an optimized alignment procedure 20 nm oyal@gnment may be reached for an area as
large as 1 cf We demonstrate the fabrication of a four layeodile scaffold from which a
photonic crystal with a bandgap in the visible barfabricated.
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4 3D photonic crystals by SCIL

4.1 Introduction

Photonic crystals are regular arrangements of digtematerials that interact strongly with
light.! They can be used to control spontaneous emissimfinement and dispersion of light.
Two dimensional photonic crystals are already usedodify the emission properties of LEDs
and laser$: The effectiveness of 2D structures is limitedrese crystals only interact strongly
with light in two directions. Complete control ovepontaneous emission requires three
dimensional photonic crystals. The availability3@ photonic crystals will enable directional
light generation in LEDs and low-threshold lasing.

Two commonly used 3D photonic crystal geometries the inverted opaland woodpile
geometry’ Inverted opals can be made using self-assembboltdids (polystyrene, silica)
followed by infiltration of a high-index materi&lThis fabrication method cannot be well
integrated with the device processing as the acipeal components have to be embedded in
the crystal. Furthermore, for an inverted opaldtrte to exhibit a complete bandgap at optical
frequencies requires an index of refraction cohtndsch can only be achieved using highly
absorbing semiconductors. Woodpile structures arkl lup in a layer-by-layer fabrication
process that is well integrated with active pladarice processing. Also, they require a
refractive index contrast that is much lower theguired for inverted opals, the use of a variety
of non-absorbing dielectric materidlg/oodpile photonic crystals have been demonstrasse
from silicorf, GaAs and recently Tig@°. These structures were made using a time-consuming
layer-by-layer electron-beam lithography, etching planarization processes or a wafer fusion
process that makes these structures impracticas¢oat a large scale. Building a woodpile
photonic crystal for visible wavelengths preseetgese technical challenges due to the smaller
length scales: a woodpile crystal with an optiGaidigap centered at 550 nm requires a 240 nm
pitch with a line width of 70 nm made from a maaémwith an index of refraction of n=2.3.
Moreover, to achieve a bandgap each layer has atigreed with accuracy of ~30 nfit?

To enable applications which benefit from the salemgptical properties of 3D woodpile photonic
crystals, new fabrication methods are needed wdaateffectively pattern sub-100 nm features
over large areas. Nano imprint lithography is amregimg method which is able to pattern large
areas with a resolution down to 10 nftlere, we present a new soft stamp nano imprirtiodet
termed Substrate Conformal Imprint Lithography (SQwhich enables wafer-scale patterning
with sub-50 nm resolution using inexpensive ruldb@mps. Uniquely, SCIL delivers extremely
low pattern deformations on wafer scales whichvedldor potential wafer scale sub-20 nm
overlay alignment.

Here, we use SCIL and the template inversion metinddectly pattern silica sol-gel gratings at
room temperature. These layers are subsequentianad with polymer using a relatively
simple self-assembly method. By repeating thegsste can fabricate a temperature-stable 3D
scaffold of silica, which can be filled up with higjuality high-index material using high-
temperature low pressure chemical vapor depos{il®CVD).!*® This process is relatively
simple and the number of processing steps is small.

4.2 Substrate Conformal Imprint Lithography

Soft stamp methods have shown to be able to réplisab-10 nm featurEsbut overlay
alignment with an accuracy below 0.5 micron hasené®een demonstratéd ® However in a
woodpile crystal the alignment of subsequent lajeessential to obtain an optical bandgap.
Replicating a single layer with a minimum of patteleformations is a prerequisite to obtain
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accurate overlay alignment. SCIL minimizes pattiformations by using a composite stamp of
rubber on thin glass. In this manner the rubbahlisys attached to a carrier, which is either the
master (from which it was molded) or the glass shegch both have high in-plane stiffness. As
the glass carrier is thin, the composite stampeisilile in the out-of-plane direction, which
allows for substrate non-flatness and enables veafde conformal contact. The rubber allows
for local deformation around particle contaminasiéch avoids damage to stamp or substrate.

Two master gratings (typical areadraf 240 nm pitch were made on 150 mm silicon wabsr
electron beam lithography of negative tone hydregjlmesquioxane (HSQ) and positive tone
PMMA based ZEPP520. To prevent adhesion of theeyhihe surface of the masters is
modified with a mono-layer of 1,1,2,2-H-perfluoreayl-tri-chloro-silane, applied by vapor
phase deposition for 24 hodrsPoly-di-methyl-siloxane (PDMS) rubber stamps camlivectly
molded from the fluor-modified e-beam resist.

The grating patterns on the silicon wafer are midd®DMS that has a high Young’s modulus,
as described in ref®°. After mixing and de-gassing the components, 4@Dmicron thick H-
PDMS layer is formed over the masters by spin agdbr 30 seconds at 1000 rpm. After a pre-
cure for 15 minutes at 50 °C a defined amount &fBDMS (Sylgard 184) is poured on the
master. This PDMS is squeezed between the masté&Qfnmicron thick AF45 glass to form a
uniform layer of ~0.5 mm thickness. The “masterDMS — glass” sandwich is cured for 24
hours in an oven at 50 °C. The stamp is releagad the master by gentle peeling. Multiple
stamps can be molded from the master without amtditiapplication of the fluor mono-layer.

The stamps are used to imprint substrates up taritBiameter with our SCIL setup. This
consists of a flat plate with grooves to hold thmposite stamp in place by vacuum, as shown in
Fig. 1(a). A substrate coated with a layer of ailigesist is placed parallel to the stamp with a
spacing of ~100 microns. Starting from one sidegtit®ves are pressurized to an overpressure
of ~20 mbar. This results in the stamp being gendtyed after which it forms a line contact on
the substrate. As more grooves are sequentialssprized capillary forces pull the stamp in the
resist and the line contact moves forward whichdssair inclusions, see Fig. 1(b). The stamp is
kept in contact until the resist is hardened. Nbgt grooves are evacuated which results in
controlled release of the contact line from therimed patterns.

(@ Substrate with liquid resist layer (b)

1020 mBar 1000 mBar

awiL

Figure 1. SCIL imprint principle. (a) Time sequeé¢he imprint step showing the evolution of thitact area by
sequential pressurized grooves; (b) the capillavptact line advances due to wetting at both inezfa
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4.3 Room temperature direct patterning of silica sbgel by SCIL

We used a sol-gel based imprint resist which iseapmlymerized solution of silicates. The
stamp is applied to a thin liquid sol-gel layerasubstrate. The high permeability of PDMS
allows solvents and reaction products to diffuse ihe rubber. As a result the sol-gel resist layer
becomes a solid by forming an inorganic silica roekw

The sol-gel base is prepared from tetra-methoxyeestlicate (TMOS) and methyl-tri-methoxy-
silane (MTMS) in a 1:1 molar ratio. This is hydrogd for 10 minutes at room temperature with
an equal molar ratio of water to reactive alkoxgdeups using water that was acidified with 1 M
formic acid. After the hydrolysis reaction additebmvater is added to obtain a total molar ratio of
water:silicon = 9:1. The mix is subsequently siabd by adding n-propanol to dilute the sol to a
0.78 mol Si/ kg hydrolysis mixture and storechia freezer. Each time the sol-gel imprint resist
was freshly prepared by mixing equal masses ofdhysis mixture with n-propanol and addition
of 1 weight percent 1,2-propanediol.

Typical resist layers are 10 to 200 nm thick aredfarmed by spin coating. During spin coating
the volatile components of the imprint resist evaps leaving mainly silicon oxide oligomers
and the non-volatile 1,2-propanediol. The remairpngpandiol keeps the sol-gel liquid after
spin coating and within a minute the stamp wasiagph the sol-gel layer using the SCIL setup.
Next the 1,2-propanediol diffuses into the stamjictvincreases the concentration of reactive
groups (silicon-hydroxyl and silicon-alkoxides).ede condensate to form an inorganic network
of Si-O-Si bonds while the reaction products (watet alcohols) are also removed by diffusion
into the stamp. After 10 minutes at room tempeestioe stamp can be removed from the sol-gel
structures. The resulting sol-gel patterns are as®g of ~ 88 wt. % silicon oxide and remaining
organic components. Additional curing promotes faaoligial formation of the inorganic network
which is stable in air up to 450 °C; higher curiemperatures convert the material to pure silica.

Figure 2 shows secondary electron microscope (SHElsiyes of the master grating in HSQ (a)
and a sol-gel replica cured at 200 °C in top-vibjvand cross section (c). The sol-gel grating is
homogeneous and no defects like broken or deforieaires are observed. The observed
roughness in HSQ lines of the master grating istddiee high writing current used to reduce e-
beam writing time. As can be seen from Fig. 2 thalkdetails in the master pattern are perfectly
copied in the sol-gel replica, which proves thehhigelity of our sol-gel imprint process.

4.4 Large area pattern uniformity

The double replication method of SCIL (masterstamp, stamp- sol-gel) can potentially
introduce pattern distortions. Deformations ovegésareas were characterized by measuring

A .. I‘

Figure 2. SEM images of (a) master grating in H8&ist and (b,c) sol-gel replica (top view (b); gs@ction (c)).
Scale bar is 500 nm.
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variations in the pitch of a large-area grating enasing SCIL. A 3 micron pitch master grating
was made on a 150 mm silicon wafer using an ASMienstepper to illuminate resist with 365
nm light. Grating areas of ¥85 mm were stitched to populate the whole wafeis pattern was
transferred to a depth of 90 nm in the silicon gs®active ion etching (RIE). The composite
stamp was replicated from the silicon master ugiegsame procedure as described in chapter 2.
Using SCIL the 3 micron grating was replicatedohgel on a silicon wafer.

The pitch of the master and sol-gel replica gratwag determined by laser diffraction. This was
done by illuminating the grating perpendicular ke tsurface using a He-Ne laser with a
wavelength of 632.8 nm with a spot diameter of h@6rometer. The pitch variation was
determined by measuring the variations in the amgieveen the reflected “4and +4'
diffraction orders using two CCD cameras. Scanthedaser spot over the sample and tracking
the reflected diffraction orders on the camera poaed a two-dimensional map of the grating
pitch averaged over the beam spot size. The mahsuea is 2825 mnf. Figure 3 shows
images of the average grating pitch for mastearid)sol-gel replica, with the imprint direction
(see Fig. 1) parallel (b) or perpendicular (ch® $CIL grooves. As can be seen from the figure,
the variation in the average grating pitch for bothaster and replica is less than 0.1 nm (i.e.
+0.03 %). The bright lines are due to stitching exroetween the 235 mm grating areas,
introduced in the mastering process. The isolati#@ets in the replicas (see arrows) are due to
dust patrticles, which was confirmed by optical ixsjpon at these places. Note that due to the
softness of the stamp, particles only cause pattefarmation in a small range around the
particle. Comparing the images for the two impdiméctions we conclude that the direction in
which the grating was imprinted does not influetieedeformation. The observed replication
errors in the imprinted patterns do not exhibitienalative error; for example a cumulative error
of only 0.1 nm over a distance of 3 micron, wowddd to a 33 nm absolute error over 1 cm,
which is much larger that the 0.1 nm error founBign 3(b,c). The replication fidelity we obtain
of pitch variation of less than 0.1 nm has to ouowledge never been shown for soft stamp
methods. These two components combined have teatpiito achieve sub-20 nm overlay over
square cm areas.

@) Master ®  Replica ©  Replica || +0.1 nm

25 mm

3000 nm
A Grating Pitch

-0.1 nm

25 mm

Figure 3. Two-dimensional distribution of the gragipitch measured using laser diffraction, indichlby the scale
bar on the right hand side of (a) master and tHegsb replicas, printed (b) perpendicular and (@rpllel to the

grating direction. A 633 nm laser with a spot didereof 125.4m was used, the measured area isBmm, the
grating pitch ranges from 2999.9 to 3000.1 nm.
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4.5 2D to 3D: multi layer imprinting

The previous sections demonstrated that direceqatiy of sol-gel materials using SCIL
delivers high-quality gratings over large areashwitinimal distortions. Figure 4 shows the
process flow used to imprint grating layers ondabpach other to fabricate a 3D structure. The
cycle is repeated until the desired number of ggaliayers is reached.

The process consists of the following steps:

1.

2.
3.
4

A controlled amount of sol-gel imprint resist igo#ipd on an AF45 glass substrate by spin coating
(corresponding to a layer thickness of 35 nm wheed at 200 °C).

The sol-gel is patterned in 15 minutes with a 2d0pitch grating using the SCIL setup.

After release of the stamp the sol-gel gratingui®d at 200 °C for 20 minutes in air.

. After imprinting a residual layer remains underithprinted gratings, that must be removed to obtain

an open 3D structure. Using SEM it is found thathwhe appropriate amount of resist applied in
step 1, the residual layer thickness is 10-15 ner the entire imprinted area. It is removed by CF
reactive ion etching (RIE) for 30 seconds usingcae of 10 sccm GRnd 20 sccm N at a pressure
of 12 mT and RF power of 50 W. This results inreedir etch rate of 30 nm per minute for un-
patterned sol-gel layers. The process leaves 7Bigimgrating lines.

Before the second layer can be patterned by theritprocess, the first grating layer has to be
planarized while preserving the sol-gel gratingology and dimensions. We use spinodal de-
wetting® and capillary forces to planarize a grating witthymer. To do so, a mono-layer of hexa-
methyl-di-silazane is applied by vapor phase dejoosifollowed by a post cure at 80 °C, to render
the surface hydrophobic (low surface energy).

A controlled amount of a solution of polystyreneM206k Aldrich) in n-butylacetate is spin coated
over the grating, resulting in the grating beingiiled and covered by polymer. Figure 5(a) shows
atomic force microscopy (AFM) scans of the solgyelting after deposition of the polymer. Clearly
the polymer has filled the spaces between themgyéities, leaving a residual height variation o5~2
nm.

The closed polymer film is broken up by heatinghibve the polymer glass transition temperature for
10 minutes at 150 °C. Spinodal de-wetting initisgepoints where the polymer layer is thinnest,
which is at the edge of the grating lines. Dud®low surface energy, the polymer withdraws from
the top of the grating lines and capillary foraead to filling of the space between the lines. Fégu
5(b) shows AFM data of the grating after spinodsalaktting has taken place. The residual height
variation is only ~5 nm.

A low-power oxygen plasma, followed by rinsing wité-ionized water is used to improve adhesion
of the next sol-gel layer on the planarized gratingface.

Subsequent grating layers are patterned by repgestips 1 through 8. Figure 5(c) shows the
residual height modulation after imprinting a setgnating perpendicular to the first grating,
and removal of the residual layer (step 4). The $ican is taken between the lines of the second

2. Imprint 4 Breakthroug
ﬁ[ grating ]E>[ 3. Cure ] RIE etch §} §?

1. Spincoat 5 qur.(’pmb' E Calcination
resist modification :

(§ [ 8. Surface ]Cj[ 7. Spinodal ] 6 Splncoatlng] QJ

activation dewetting polystyrene

Figure 4. Process flow used to produce open maitet structures.
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grating, in a direction perpendicular to the figsating layer (dashed line in AFM image). It
confirms that the first layer was planarized witBinm and that imprinting subsequent layers
does not affect the previous layer.

Calcination.After the last grating layer is imprinted and opétvy RIE etching (step 4) all the
polymer used for planarization of the sol-gel grgsi is removed by calcination. Figure 5(d)
shows a SEM image of a structure with four gral&rygrs in alternating direction calcined in air
at 550 °C for two hours. The scale bar indicatesrid. As can be seen, the polymer is clearly
removed, resulting in an open silica 3D gratingcure.

4.6 High temperature behavior of imprinted sol-gepatterns

To infill the sol-gel 3D template with a high-inddielectric, high temperatures (up to 1000 °C)
are typically required. Up to 450 °C densificatioocurs due to removal of nano-pores by
condensation of Si-OH groups. Heating the pattesoédel to 1000 °C will oxidize the silicon-
methyl groups in MTMS to silicon hydroxyl groups isih can subsequently further condensate
and sinter the sol-gel to dense silica. It is theeeimportant to assess the shrinkage that occurs
in an imprinted structure after sintering.

High aspect ratio gratings (width 95 nm, height 289 with a pitch of 240 nm were patterned in
sol-gel on silicon substrates. Figure 7 shows SEMssections of sol-gel gratings directly after
imprint patterning (a) and sintering at 1050 °@in(b). The grating lines show a shrinkage of
16 % in width and 18 % in height. The shrinkageeroducible and can therefore be corrected
for in designing the dimensions of the master gatA four-layer photonic crystal was also
made on a silicon substrate and heated to 1050 &B.iThe densification of the sol-gel will
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Figure 5. AFM height data. Both two-dimensional grea and characteristic line scans normal to thetigcpare
shown. (a) Grating height after spin coating pojyshe onto a grating layer, (b) grating height afépinodal de-
wetting of polymer. The sol-gel lines can cleadydistinguished from the polymer. (c) Data of twgoendicularly
orientated imprinted gratings after the RIE breakiigh etch. The height variations in the first gmgtlayer are ~

5 nm after patterning of the second grating layed ¢he lines of the second grating are flat withinm. (d) SEM
image of a four layer silica sol-gel grating staafter polymer burn out at 550 °C. The scale baidates 500 nm.
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 e——— L]

96.6 nm

Figure 7. SEM cross section images of a sol-geiggeon silicon after imprinting (a) and after aradang at 1100
°C (b). The sol-gel lines densify and shrink a#ienealing due to increased cross linking and rerhofaethyl
groups by oxidation.

induce stress in the material, which could leatdtéaks or layer delamination. However none of
these effects have been observed. A possible raadbat the small feature size and open
structure permit stress relaxation, which occuss &asily in larger features or continuous layers.

The observed shrinkage in our sol-gel materiabyg tompared to previous work done on
patterning inorganic sol-gel systems, in which weéushrinkages of tens of percents are reported
already at room temperature resulting in deforneatifres after stamp rele&$€?In this work,

the addition of MTMS to TMOS leads to a controlteduction of the sol-gel cross link density
which allows patterning of a high sol to liquidicat

The above sections show the feasibility of fabi@ahigh-quality 3D structures. In the next
section we investigate the required accuracy irstheerposition of the patterns in the various
layers (overlay alignment).

4.7 SCIL overlay alignment

To realize an optical bandgap for wavelengths aida50 nm, a woodpile photonic crystal
requires a variation of < 20 nm in the overlaymtigent of layers 1 and 3, 2 and 4 etc. Moreover,
for a sample with an area of 1x1 cm this meangdhation error between every other layer
should be less than f0ad. We study these limits by using our SCIL seétualign and imprint
two grating layers. This requires two stamps, sged{a), one which has only box-in-box type
alignment markers 75 mm apart and a second starnghwbntains corresponding alignment
markers and gratings. The stamp with the gratisgomposed of fiveX2 mm grating areas
arranged within a 3B0 mm square as indicated in Fig. 8(a, stamp 2hiweach square 240
nm pitch grating areas are made, oriented in twpgyelicular directions to enable the detection
of alignment errors in two directions.

a) (b)

mEm Em e
o+, )
10 [O2
s
— . -
Stamp 1 Stamp 2 Left Right

Figure 8. (a) Schematic layout of the two stampeduer overlay alignment tests. Stamp 1 has ongnaient

patterns. Besides alignment patterns, stamp 2l@sa@rating patterns defined in the five gray sgsan the centre
of the stamp. These are used to determine ovemlasse(b) CCD images of the left and right boxkox alignment
markers. The stamp is in contact with the substafier alignment has been performed.
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The SCIL imprint tool is equipped with closed-lopezo-electric actuators to control the
position of a glass chuck which holds the substftst the alignment pattern of the first stamp
is imprinted on 0.7 mm thick 186@00 mm AF45 glass. Next the second stamp is loauia
SCIL tool. The imprinted alignment markers aretfosvered with tape and sol-gel resist is then
spin coated over the substrate. After removal eftpe the markers are free of sol-gel resist.
The alignment markers on the stamp and substratbeanaged through the glass chuck and
substrate using a long working-distance objectiveé @CD camera. Figure 8(b) shows CCD
images of two (aligned) markers on the left antitrglde of the substrate. Parallax errors are
avoided by measuring the alignment markers whey déine in contact. This is done by only
pressurizing the stamp at the alignment marketipasA pattern recognition program is used to
detect the deviations from the ideal aligned positthe dark lines around the middle bright
cross are of equal size. To correct the determposition error the stamp is released from the
substrate and the chuck re-positioned using thm@etuators. Next contact is re-established at
the marker positions and the offset determinederAdtiterations the residuals in the offset are
minimized. Now the rest of the substrate is comtécthereby imprinting the gratings.

To obtain contrast during later SEM inspection,fitet imprinted grating layer is covered with
10 nm of molybdenum using sputter deposition. N&oitgel resist is applied again and a second
alignment performed, after which the same gratiatfeon was imprinted over the first
molybdenum coated layer. Both imprints have thientseparately aligned with respect to the
alignment markers imprinted with stamp 1. Figui@® 8bows a SEM image taken under an angle
of 45° of the two aligned layers. As can be seanhearating layer contains horizontally and
vertically oriented grating lines. The bottom lagan be distinguished by the light color due to
the molybdenum. The lines of the first and secamatinng layers are well aligned both directions.
The alignment error is determined by measuring@ffset between the first and second grating in
two directions. For the image in Fig. 9(a) thi®%snm in the horizontal direction and 21 nm in
de vertical direction, respectively. Figure 9(bdsis an overlay error map for the five grating
positions, assuming the first layer was perfediyn@d. The square corresponds to the area of
the five regions which contain gratings, see FHg) &nd the overlay error is represented by the
distance between the two squares, with the lerggtle sndicated (100 nm scale bar). From Fig.
9(b) it can be seen that the maximum misalignmetwéen the two grating layers is 110 nm
(top right pattern). The maximum rotation errofdisnd to be 1.810° rad. As these errors are
the sum of two separate alignment runs, the alignieor for a separate run therefore is less
than 55 nm. From this data the magnification elpetween the first and second imprint can be
calculated. The data for the second imprint in () are translated so that the residual overlay
error is zero for the centre point. The remainiffigsets for the other four points are then a
measure for pattern distortion and magnificationrs: We expect that magnification errors are
most probably induced by thermal variation durimgiinting and are therefore likely symmetric
around the centre of the substrate. We find a maximmagnification error of 1.2 ppm in the x
direction and 2.4 ppm in the y direction. Thisigty accurate as no active temperature control
was used and there was a day between the two dligr@ints runs.
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(a) (b)

SpotMagn WD p—————— 1m

Figure 9. (a) SEM image taken under a tilt of 46fveo aligned and imprinted gratings. The brigimes are from
the first imprinted grating the darker lines froimetsecond imprint. (b) Schematic of the overlaprefor five

positions over the substrate over an area of 3x3Tdm numbers correspond to the grating areas erstamp in
Fig. 8.

Comparing the maximum misalignment in Fig. 9(b)1d® nm with the magnification error over
a 3«30 mm area of 72 nm (assuming a 2.4 ppm error)caleulate that the maximum
alignment error amounts to ~40 nm. Improvementvariay accuracy can be expected as
magnification errors can be eliminated by usingragerature controlled environment during
imprinting. Furthermore, the currently used aligmtnprocess only analyses the alignment
patterns and minimizes the offsets. This procesd®eamproved by using more accurate Moiré
interference alignment markers to accurately measusalignment. If the alignment error could
be minimized the present SCIL technique with tip@& magnification error may reach ~20 nm
overlay precision over an area ofllcnt while this area can be increased with active tlagrm
control.

4.8 Conclusions

We present a new and relatively simple route ferfetbrication of 3-D photonic crystals. We
demonstrate a 4-layer woodpile silica scaffold taat be infiltrated with a high-index material
to form a photonic crystal with a complete bandgeibe visible. The replication process using
soft stamps shows excellent quality in transfersnlg-50 nm features in silica sol-gel material.
Due to the mainly inorganic composition of our impresist it can be sintered up to 1050 °Cin
air while maintaining feature fidelity. SCIL enabliarge area replication of patterns which are
nearly free of deformations. We observe an avelage pattern distortions of less than 0.1 nm
in a grating with a 3 micron pitch, over an areaslage 2%25 mm. The corresponding
magnification error is 1.2-2.4 ppm. These resuléstao orders of magnitude better than any
previously reported work on overlay and magnificaterrors for a soft lithography methtd®

By using SCIL and box-in-box alignment markers ligratwo layers, we aligned two layers
within 100 nm over an area o&3 cnf. These results enable the fabrication of optidal 3
photonic bandgap crystals with an overlay erros tean 20 nm over a<1 cnf area. Work on
this topic is currently being pursued.
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Chapter 5

Increased performance of polarization stable VCSEL$®y monolithic sub-
wavelength gratings produced by soft-nanoimprint lihography

We present a novel method to fabricate polarizasiaible oxide-confined single-mode GaAs
based vertical cavity surface emitting lasers (VC§Eemitting at 850 nm using a new soft
lithography nanoimprint technique. A monolithicfae grating is etched in the output mirror of
the laser cavity using a directly imprinted sillwased sol-gel imprint resist as etch mask. The
opto-electronic performance of these devices isgayed to VCSELSs fabricated by state-of-the-
art electron-beam lithography. The lasers madegufie soft-nanoimprint technique show
single-mode TM lasing at a threshold and lasereskimilar to that of devices made by e-beam
lithography. The soft-nanoimprint technique alsaldas the fabrication of gratings with sub-
wavelength pitch, which avoids diffraction losses$he laser cavity. The resulting single-mode
VCSEL devices exhibit 29 % enhanced efficiency carad to devices equipped with diffractive
gratings.
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5.1 Introduction

Single-mode vertical cavity surface emitting lag®f€SELS) find application in tunable diode
laser absorption spectroscdpy laser based optical mouse sensors, optical ersate
rubidium atomic clocks for GPS systetfisThese applications require single-mode and single
polarization emission. Due to the symmetry of a ¥CSJevice the laser does not have a
geometrically defined single polarization oriertati *° Emission occurs along both the <100>
and <010> GaAs crystal planes. As a result therjzalgon can spontaneously switch between
these two directions during operating of the lasdich is not desired. One method to avoid the
switching of the polarization mode during laserrapien is to apply a monolithic surface grating
to one of the dielectric distributed Bragg refle¢@BR) mirrors of the VCSEL laser cavity*?

A grating exhibits different reflection coefficientfor TE and TM polarized light. The
polarization mode with the higher reflectivity aitis the higher cavity quality factor will have
the lowest threshold pump current for gain. As sultethe polarization with the highest
reflectivity will become the dominant lasing mo@irrently polarization locked VCSELSs use
gratings made by standard electron beam lithograpByating pitches are typically as large as
550 nm, as smaller pitches would increase the etlved@ting time and thus costs. This large
pitch causes diffraction of a significant fractiofrlight and as a result the efficiency of stalaitiz
VCSELs is reduced. Depending on the laser desigmamor reflectivity, which determines the
number of round trips, the efficiency loss can pga50 %.

Chuet al.proposed to use sub-wavelength transmission gsgtihat do not exhibit higher order
diffraction, in an external cavity design to stailthe VCSEL polarizatiotf As this is not a
monolithic integrated solution cavity length andhperature are more difficult to control and
laser operation is less stable. Jokaal. used e-beam lithography to pattern sub-wavelength
gratings in an integrated approdcitiowever this solution requires a very well aligtezhlized
grating on the output mirror which is difficult fwmoduce. Moreover this method is not well
suited for mass production. Here, we demonstratarigation stabilized VCSELs using
monolithic surface gratings with a period below dliféraction limit and measure polarization-
stable lasing with improved efficiency. To pattetre gratings a novel soft-nanoimprint
technique is used which enables application ovgelareas at low cost.

Soft imprint techniques use a rubber stamp whiférefadvantages with respect to rigid stamp
methods as the soft stamp can conform to substoateand surface defects and full wafers can
be imprinted without damage to stamp or substRé&ease of the stamp from an imprinted
pattern does not involve high forces as the staangbe removed by a peeling action; contrary to
rigid stamps which require substantial force toiane release. Previously, soft stamp imprint
methods could not reproduce patterns below 100 iinhigh fidelity due to deformations of the
rubber features. These imprint methods also yiepdgtbrn distortion on a wafer scale, which
hampers overlay alignment during subsequent pramuprocesse¥

Here, we use a new soft stamp method called Sud€mnformal Imprint Lithography (SCIL),
which offers wafer-scale replication with sub-50 r@solution and minimal pattern deformations
on wafer scales at high throughput. It also enaldesn temperature patterning of sol-gel
materliglls which results in stable silicon oxidet@ais which can directly be used as a hard
mask.
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5.2 Experimental studies
5.2.1 Sub-wavelength grating design and rigorous apled wave analyses

In this work we study GaAs/AlGaAs VCSELs that operat 850 nm. The grating is made in
GaAs (refractive index n=3.63) and is integratethwhe VCSEL DBR mirror, see Fig. 1(a). The
maximum grating pitch at which no higher-order wiétion occurs ak=850 nm in the GaAs
grating is given by d & / n = 234 nm. No diffraction occurs at the grataiginterface at this
pitch. The effective refractive index of a gratlager for the two polarization orientations can be
estimated using an effective medium approximatismg:en = (€1 &) / (f €1 + (1-f) €2) andg =

f e+ (1-f)e1 , withe;=1,€,=13.81. Figure 1(b) shows the effective refracindex for TE and
TM polarizations, calculated for perpendicular demnce on a grating in GaAs as a function of
fill fraction (f=0: air, f=1. GaAs). A large diff@nce in effective index is found for the two
polarizations, which will result in a large varatiin the reflectivity of the DBR, as we calculate
in the next paragraph.

The reflectivity, transmission and diffraction oD8R mirror with an integrated grating were
calculated as function of grating pitch, height diidfraction. We used the GSolver RCW
software package, which uses rigorous coupled vemadysis to calculate the diffraction
efficiency of a grating® The reflectivity of the top DBR mirror towards thavity side was
simulated, coming from GaAs. The top DBR mirror sigts of 24 pairs composed of 60 nm
AlGaAs (n=3.13) and 65 nm GaAs (n=3.63) each, ca&rith a spacer layer of 120 nm GaAs,
see schematic in Fig. 1(a). The GaAs grating lay#r varying pitch, height and fill fraction is
made on top of the spacer layer. In the simulatiosrassumed there is no absorption in the
materials. We simulated two grating pitches, 55Qwirich has diffraction orders in reflection)
and 150 nm (which exhibits no diffraction). In Fig¢a) and (b) theorder reflectivity of 850
nm light for the orthogonal (TE) and perpendic(lév) polarization to the grating are plotted as
function of grating layer thickness and fill framti, for 550 nm and 150 nm pitch gratings
respectively.
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Figure 1. (a) Schematic of top DBR cavity lasemariwith integrated grating. The arrows indicatdfdiction into
higher order grating modes. (b) Effective refraetimdex for TE and TM polarizations, calculatechgsan effective
medium approximation, for perpendicular incidenoegoatings in GaAs as function of fill fraction (=air, f=1:
GaAs).
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Figure 2. (a) Schematic of top DBR cavity laseraoriwith integrated grating. The arrows indicatdfdaction into
higher order grating modes, (b) TM and TE polarniaatreflectivity of a 24 pair DBR with 550 nm pitgrating at
A=850 nm as function of grating fill fraction (f) drgrating depth, (c) TM and TE polarization refieity of a 24
pair DBR with 150 nm pitch grating &850 nm as function of grating fill fraction (f) drgrating depth.

In Fig. 3(a) the difference between TM and TE mfisty is plotted for 550 nm and 150 nm
gratings. Figure 3(b) plots the fraction of ligh&t is diffracted in higher order modes for 550 nm
gratings as function of grating height and filldtian. In theory any difference in TE and TM
reflection will result in polarization stabilizatioln practice a minimum reflectivity is required
for lasing; for polarization locking under all diig conditions the difference in TE and TM
reflectivity must then be maximized. Figure 2 sholeg the 24-pair DBR with only the 120 nm
GaAs spacer layer (data for grating height = O)aheeflectivity of 99.90 %. Adding the grating
layer and taking f=0, reaches a minimum refleggiat 98.70 % for both polarizations for a
GaAs top layer thickness of 55 nm. At this thiclg)eke total GaAs layer on the DBR, see Fig.
1(a), corresponds to an optical thickness of oneslgagth. Tuning the thickness and fill fraction
of the grating layer will thus give a maximum maatidn in DBR reflectivity of 1.2%. Figure
3(a) shows that for both grating pitches the TM E rEflectivity contrast increases with
increasing thickness and then decreases. Foriagyradight up to 60 nm the TM mode has the
highest reflectivity; for large fill fraction anda&ting layer thickness over 60 nm, TE mode has
the highest reflectivity.

It can also be seen that the reflectivity conti@ktrgest for the 150 nm pitch grating. In Fidd)3(
the sum of the reflectivity of higher order gratirgflections for the TM mode is plotted as
function of grating height and fill fraction for 8%1m pitch. The diffraction losses first increase
and then decrease with increasing grating heigtitféinfraction. The increase is due to an
increased scatter cross section, the decrease t® dine higher reflectivity of the DBR/grating
combination for increased thickness (see Fig. 2¢@pure 3(b) indicates that to minimize
diffraction the grating has to have limited height fill fraction.
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(a) 550 nm pitch 150 nm pitch (b)
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Figure 3. (a) Difference between TM and TE reflettiat A=850 nm as function of grating fill fraction anduta
for 550 nm and 150 nm gratings on a 24 pair DBR Ffaction of TM polarized light reflected in highgrating
orders as function of grating fill fraction and dégor 550 nm gratings on a 24 pair DBR.

The reflectivity of the top mirror is mainly deteirmad by the number of DBR pairs. Optimizing
the DBR/grating mirror for a polarization-contrallé&aser requires on the one hand maximum
contrast between the reflectivity for TM and TEg@ation (Fig. 3(a)), and on the other hand
sufficiently high absolute reflection to obtainiglncavity Q. Here we choose a 550 nm grating
pitch design with a thickness of 50 nm and filictian of 0.3 which results in a reflectivity of
99.83 % with a TM-TE contrast of 7xf0This reflectivity is sufficient to obtain accepta laser
threshold and sufficiently stabilize the TM moder his configuration the diffraction losses are
2.8x10* (Fig. 3(b)). This fraction appears relatively It these losses occur at each optical
round trip and correspond to 24.8 % of the out-tedifaser intensity.

To compare the performance of 150 nm pitch gratiogéfractive 550 nm gratings we compare
structures with equal absolute TM reflectivity &83 %. This reflectivity is obtained for a 150
nm grating at 50 nm height and 0.55 fill fractidig 2(b)). Using this sub-wavelength design
we expect a reduced laser threshold as no ligh$tisn higher order diffraction modes, causing a
reduced cavity Q. The polarization suppressiorpeeted to increase, as the reflection contrast
is increased to 2.5xT) compared to 7.0x1Din the 550 nm design (Fig. 3(a)).

Next, we will describe the fabrication of 150 nndd®b0 nm pitch gratings by soft-nano imprint
lithography and direct e-beam patterning. The parémce of the electrically driven VCSELs
will be compared for both designs.

5.2.2 Soft stamp fabrication

The two master grating patterns are prepared omtb@diameter silicon wafers using a Jeol 100
kV e-beam pattern generator to pattern ZEPP 520 RNbslsed positive tone e-beam resist.
From these masters two poly-di-methyl-siloxane (F®)Mtamps are molded which are
subsequently used to replicate the grating patiarasl-gel resist.

The ZEPP resist thickness was 100 nm for the 55@iteh grating, f=0.3 (line width 165 nm)
and 50 nm thickness for the 150 nm pitch gratir,35 (line width 83 nm). The gratings are
written over a 3” diameter area, in 15 micron digeneircles, placed in a 2D array of 200
micron pitch. At the same time alignment markersenmdefined over the 3” area to align
subsequent layers to the grating areas during Vg8&tessing. After development of the resist
the surface was modified to ease release of the BMmp. This was done by applying
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1,1,2,2-H-perfluoro-decyl-tri-chloro-silane by vapthase deposition for 24 hoifsThe PDMS
stamps were directly molded from the fluor-modifeetheam resist.

The grating patterns on the silicon wafer are mbidd®>DMS that has a Young’'s modulus that is
higher than that of conventional rubbers, as deedrin Ref??. After mixing and de-gassing the
components, a 50-100 micron thick H-PDMS layeprsrfed over the masters by spin coating
for 30 seconds at 1000 rpm. After a pre-cure fomlgutes at 50 °C a defined amount of soft
PDMS (Sylgard 184) is poured on the master. ThiMBDOs squeezed between the master and
200 micron thick AF45 glass to form a uniform lagér-0.5 mm. The “master - PDMS — glass”
sandwich is cured for 24 hours in an oven at 50Tt& stamp is released from the master by
gentle peeling. Multiple stamps can be molded ftbenmaster.

Pattern deformations are avoided as during staeyapation the rubber is always attached to a
carrier, either the master or the glass sheet,mitth have high in-plane stiffness. As the glass
support is thin, the composite stamp is flexibl¢he out of plane direction, which allows for
substrate non-flatness. The rubber also allowd efarmation around particle contaminants,
thereby avoiding damage to stamp or substrate.

5.2.3 Wafer-scale grating replication

Wafer-scale imprints are made with SCIL using aflate with 80 vacuum grooves, which hold
the composite stamp in place. A resist coated matlsis placed parallel to the stamp with a
spacing of ~100 microns. Starting from one sidectvecuated grooves are pressurized to ~20
mbar overpressure. This results in the stamp gEngy curved, to bridge the 100 micron gap,
after which it forms a line contact on the substrAis more grooves are sequentially pressurized,
capillary forces pull the stamp into the resist #melline contact moves forward which avoids
the formation of air inclusions. The stamp is kamtontact until the resist is hardened. Next, the
grooves are sequentially evacuated which resutiscentrolled release of the stamp from the
imprinted patterns. With this method replicatedgrat exhibit merely sub-nm deformation over
large areas, as demonstrated in Eef.

The following imprint process was used to replidadéh grating designs. A silica based sol-gel
was used as imprint resist, of which the prepamdsialescribed in Ref’. The sol-gel resist was
applied by spin coating on the as-grown VCSEL lagtack on 3” GaAs wafers. The layer
thickness was optimized to leave a residual lafter anprinting of ~10 nm. Directly after the
spin coat cycle the substrate with the liquid sallxgas loaded in the SCIL tool and the stamp
applied in the sol-gel. The sol-gel cross-linkh@semaining solvents and reaction products like
water and alcohols are removed from the resisiffiysibn into the stamp. After 15 minutes the
sol-gel solidified by forming a three dimensionabiganic network. The stamp was removed
from the patterned substrate and a post cure &C#fas applied to the sol-gel patterns. The
resulting grating patterns are composed of siliogide (88 wt. %) and remaining organic
components and stable in air until 450 °C. This/mles a stable inorganic etch mask to pattern
the underlying GaAs layer.

The residual layer under the imprinted gratingemsoved by Ckreactive ion etching (RIE). A
recipe of 10 sccm GFand 20 sccm Nis used, at a pressure of 12 mT and RF power Y50
This results in a linear etch rate of 30 nm peruterfor patterned sol-gel layers. Both gratings
were etched 40 seconds to remove 20 nm of solegatrand expose the GaAs. This leaves a
~80 nm thick silica etch mask for the 550 nm gigaand a ~30 nm thick silica sol-gel mask for
the 150 nm grating.
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5.2.4 VCSEL device processing

In order to exclude the effect of variations in MMBE growth, wafers from the same growth run
were used and processed into VCSELSs. The lasédristgoown on 3” GaAs wafers and consists
of a 32 pair DBR (n-type, GaAs/AlGaAs), a GaAs restt mode cavity with 3 GaAs quantum
wells between AlGaAs barriers and a 24 pair DBRyfre, GaAs/AlGaAs) with a 170 nm GaAs
layer on top (120 nm spacer, 50 nm for the gratifk@r single mode operation current
confinement is provided by a high-aluminum confd@aAs layer, placed between the quantum
wells and the p-type DBR. This layer is selectiveetydized from the side during processing and
provides current and mode confinem&Ht: Modulated doping was used in the DBRs to reduce
optical absorption while maintaining low electricatistance.

A first batch of samples was patterned with 550gnatings by the SCIL sol-gel process and as a
reference, by direct e-beam patterning of PMMAst# second batch was patterned with 550
nm gratings by e-beam and 150 nm gratings reptidatsol-gel by SCIL. In this manner the
quality of the SCIL process can be compared toasrbéabrication and the performance
difference between diffractive and non-diffractymtings can be measured.

Both batches were processed into single-mode VC$Eig) the same processing steps. The
first process transfers the sol-gel / PMMA gratagterns in the GaAs semiconductor using RIE
etching with chlorine. After the GaAs is etcheatiarget depth of 50 nm, the sol-gel etch-mask
is selectively removed in agueous HF and the e-breaist stripped using organic solvents.

The transfer etch determines the final DBR mirggtectivity, which is influenced by grating
depth and fidelity. Figure 4(a,b) shows atomic éomicroscope (AFM) height data taken
perpendicular to the GaAs grating lines after reahofthe etch masks. The etch depth in GaAs
is 38 nm for the e-beam grating and 58 nm for tregigy made using nanoimprint. This
difference is due to the fact that the polymeref €-beam resist reacts with the chlorine etch-
chemistry which influences the etch rate. As baiimgles were etched for the same time, the
resulting depth of the GaAs grating with the sdlrgask is larger. For the 150 nm grating (Fig.
4(b)) the target depth of 50 nm is reached. Naedtsilica sol-gel etch mask (thickness of only
30 nm) is sufficient to etch the GaAs to the tadggith, as silica has a high etch selectivityén th
chlorine RIE etch. In the AFM data of the 150 nmatgrg the corners at the bottom appear
rounded. This is due to the finite size of the AEM Figure 4(c) shows a photograph of the
wafer with 550 nm grating in GaAs made by SCIL achg showing diffractive colors. The
uniform color confirms the wafer scale pattern sfen Figure 4(d) shows a scanning electron
microscope micrograph (SEM) image of a finished ¥CSvith an imprinted 150 nm pitch
grating in the exit aperture. From Fig. 4 it isagléhat the gratings made using SCIL have high
fidelity and have identical lateral size controltlas patterns made by e-beam lithography.

Next, the wafers were processed into VCSELs usi@gmprinted alignment markers to align the
subsequent layers to the grating areas. The prateps where: RIE mesa etching, lateral
oxidation of high Al-containing layer for currenhch mode confinement, p-and n-contact
formation, polyimide passivation and bond-pad daén. Finally, the wafers were diced into
individual VCSEL devices for electrical and optichlaracterization.
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Figure 4. Height profile from AFM measurementsraftipgs etched in the top GaAs layer of the DBRG(@tings

of 550 nm pitch by e-beam lithography and SCIL,gffating of 150 nm pitch by SCIL, (c) Photograph3bf
diameter GaAs wafer with laser stack with the imfd and etched 550 nm gratings showing large-area
conformality.(d) SEM image taken under 40° of thigpot aperture of a finished VCSEL with an impriht&0 nm
pitch grating and the surrounding p-contact metal.

5.3 Opto-electronic device analysis

The yield of VCSEL lasers was comparable for theonanprint and the e-beam process. All
resulting VCSEL devices exhibited single-mode ofjena For non-stabilized lasers the
polarization direction is randomly spread over (k600> and <010>) crystallographic
orientations of GaAs and results in a 1:1 spregmblarization direction. The laser polarization
was measured by positioning a rotating polarizéwben the VCSEL and an integrating sphere.
All the lasers exhibited linear TM polarized lasiagd during cycling of the laser current no
polarization rotations were measured. This dematesithe successful stabilization of the laser
polarization using our soft-nanoimprint method.

Figure 5 shows current-voltage (I-V) and currentpoiti(l-P) graphs as well as VCSEL emission
spectra at 2.5 mA drive current for lasers of th& vafer batch with 550 nm pitch gratings
made by e-beam lithography (a) and SCIL (b). Bathices have the dominant laser mode
emitting atA=853.3:0.1 nm and are single mode as can be seen frosienode suppression
ratio of -18 dB and -20 dB for e-beam and SCIL eetpely. The lasing characteristics of the
VCSEL made with an imprinted grating are almoshtaal to the reference VCSEL which had
the grating defined by e-beam lithograph. The Ii\d d-P curves are comparable, with a
threshold current of 0.84 mA and laser slope 0 @&V / mA (e-beam) and a threshold current
of 0.80 mA and laser slope of 0.55 mW / mA (SCkgpectively. The optical output power at 3
mA drive current is 1.14 mW (e-beam) and 0.97 m\WI($. The small variation in the I-P
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behavior between the two samples is attributetieéaifferent etch depths of the gratings, see
Fig. 4. This leads to an increased reflection ef@BR for the SCIL gratings. For the imprinted
VCSEL this results in a decreased threshold cuaedtaccompanied reduced laser slope. The
almost identical opto-electronic behavior of themsonant devices demonstrates that the SCIL
imprint method is capable of reproducing deep sudron features with equal high fidelity as
state-of-the-art electron beam lithography.

Figure 6 shows I-V and I-P graphs as well as VC8Hiission spectra at 2.5 mA drive current
for lasers of the second wafer batch with 550 nichpgyratings made by e-beam lithography (a)
and 150 nm pitch gratings made by SCIL (b). Bothicks have the dominant laser mode
emitting ath=855.8:0.05 nm and are single mode as can be seen frasmtmode suppression
ratio of -20 dB. From the |-V and I-P graphs itlear that the performance of VCSELSs with a
sub-wavelength grating is superior compared to VIGStwith a diffractive grating. The
threshold current is reduced from 0.9 mA for th@ & pitch grating laser, to 0.6 mA for the
150 nm pitch grating laser. And at the same tineddker slope increased from 0.61 mW / mA
for the diffractive grating VCSEL to 0.85 mW / mérfthe sub-wavelength grating VCSEL. This
reduction in threshold current and simultaneouseizge in laser slope can only be explained by
the reduction of losses in the laser cavity astigeno diffraction at the interface of the 150 nm
grating. Power in the reflected' @rder is increased compared to the 550 nm gratngples
which experience diffraction, leading to a reductis threshold. As the optical losses in the
cavity are reduced, the number of emitted phot®osexl per injected electron increase, leading
to an increased laser slope.
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Figure 5. Current-voltage and Current-Output powbaracteristics for VCSELs with 550 nm gratingsidted
by (a) e-beam, (b) SCIL. Laser spectra obtaine®. aimA driving current are shown as insets.
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Figure 6. Current-voltage and Current-Output powbaracteristics for VCSELSs with, (a) 550 nm pitchtongs
fabricated by e-beam, (b) 150 nm pitch gratinggitaied by SCIL. Laser spectra obtained at 2.5 miinh
current are shown as insets.
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The above data thus clearly shows that using nffractive gratings to stabilize the polarization

in VCSELSs results in substantial increased efficigrcompared to devices with diffractive

gratings. The overall efficiency at 3 mA drive ant was increased from 19.2 % for 550 nm
gratings to 24.7 % for 150 nm gratings, a relainczease of 29 %.

The yield of VCSEL lasers directly after processifighe devices was comparable for devices
patterned by e-beam and soft-nanoimprint. We disdiexd the influence of the SCIL soft-
nanoimprint process on the lifetime of VCSEL ladevices. As any semiconductor device,
single mode VCSEL lasers are sensitive to impuritieat can diffuse in the semiconductor
material and to damage by electrostatic dischavhesh does not always show up directly but
over time can lead to abrupt failure of a VCSELr FEsers made by e-beam and SCIL an
accelerated lifetime test was performed using 2dri¥e current at a temperature of 140 °C.
Figure 7 shows the normalized optical output ofslume device, measured at room temperature
after 1-day time intervals. The acceleration faatdhese conditions is ~100, which corresponds
for the longest tested device (10 days) to thremsy®f continuous operation at standard
conditions. The light output of VCSELs made by S@fd e-beam reduces at approximately the
same rate for the first few days. For larger tithesSCIL laser has a significantly higher power.
No abrupt devices failures were observed, whiclcatds that our imprint method does not
induce any damage to the sensitive semiconductocelduring processing.

5.4 Summary and conclusions

Single-mode TM polarization stabilized GaAs VCSBperating ah=850 nm have been made
by using a soft rubber stamp based nanoimprint edetitn combination with sol-gel resist to
pattern gratings in the surface mirror. VCSELSs pred by nanoimprint show equal performance
as reference devices produced by e-beam lithograpterms of emission wavelength, side
mode suppression ratio, threshold current, lasgresloutput power and lifetime. Imprinted
gratings with sub-wavelength pitch do not diffréaser light and VCSEL lasers with these
gratings show a combination of reduced threshotceat, increased laser slope and increased
output power. Overall these VCSEL lasers show &Z8creased efficiency compared to the
lasers with a conventional diffractive grating. §work demonstrates that the SCIL soft-
nanoimprint method is capable of delivering nanlesgatterns over wafer scale areas with equal
guality as electron beam lithography. The new tepienables the fabrication of large area
nano-patterns at high speed and low cost, a kegfibevhich cannot be delivered by electron
beam lithography.
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Figure 7. Optical output power of VCSELs with 580 mitch gratings made by e-beam and SCIL as fumofitime
at 140 °C and 2 mA drive current. The optical powaneasured at room temperature after 1 day iratistv
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Chapter 6

Large area replication of high quality nanohole ariays in gold using
soft-nanoimprint lithography

We present a novel soft-nanoimprint method to capdi sub-wavelength, nanoscale hole arrays
in optically thick films of gold. We fabricate la@earea high-fidelity arrays of 180 nm diameter
holes on a square lattice of 780 nm pitch. Opaogjular transmission measurements show that
the produced hole arrays are free of fabricatidated defects and show high fidelity extra
ordinary transmission peaks mediated by surfacama polaritons. Metal hole arrays on glass
exhibit separate dispersion transmission bandslifieeent effective index of the SPP modes on
opposing sides of the hole array. As the dieledurounding of a hole array is made more
symmetric, the transmission peaks are broadenedremelased. A hole array with equal
dielectric surrounding is fabricated which exhibgts-2 times increased peak transmission
compared to a regular hole array on glass.
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6 Fabrication of nanohole arrays in gold by softaienprint lithography

6.1 Introduction

Metal films perforated with an array of sub-wavegrholes have intrigued researchers since the
discovery that these arrays show extraordinanstrassion of light:? It is generally accepted
that the enhanced transmission is mediated by @rfalasmon polaritions (SPPs),
electromagnetic waves that are bound to a metédiie interfacé On a smooth interface
these waves cannot be excited directly because i@inentum is larger than that of light
incident from free space. Diffraction from a regudaray of holes enables efficient resonant
excitation of the plasmon modes and which assigtamsmission. Arrays with nanoholes are
increasingly studied as color filtérand nanoscale light concentrators for applicaiiphio-
sensorsand solar celfs To realize such applications at a large scakbadation method is
required that is able to pattern hole arrays webighed geometry, hole size and pitch at large
area and low cost. In some applications arraygf@irdnt geometry are to be integrated with e.g.
detectors or micro fluidics and therefore must lignad with existing patterns or substrates.

So far nanohole arrays have been made using focosdzeam (FIB) to mill holes in planar
films, or electron beam lithography in combinatiith metal lift-off, which are both relatively
slow and expensive. Interference lithography ie Alsing used but is limited in that it produces
patterns of the same period and variation in paitemore difficult to obtain in once sample.
Moreover, the metal lift-off procedure itself inmbination with lithographic patterning has
disadvantages to fabricate metal hole arrays mmbnic applications. Often it requires the use
of a thin (2-5 nm) adhesion layer of titanium orarhium, which strongly absorbs surface
plasmons. But more importantly, the lift-off pros@sleases metal dots corresponding to holes in
the metal layer, a large fraction of which typigaltlheres to the array, causing increased losses
due to scattering and reduced coupling to SPPs.

Recently, nanoimprint lithography was introducedtoduce arrays of nanoscale holes in a
metal film. However the methods used so far redluilefragile freely floating arraysor to
structures in which the holes were not fully contins through the film, which can lead to
unwanted resonances and limited total transmi&Sion

Here, we introduce a new novel method to produggelarea sub-wavelength nanohole arrays
using a soft-nanoimprint method. Our Substrate @onél Imprint Lithography (SCIL)
technique uses soft composite stamps which allowwkfer-scale patterning of sub-50 nm
features with very low distortior!S. Previous soft-stamp methods where not capable of
producing details below 100 nm and suffered frorplame distortions on wafer scafés?So

far, we have demonstrated the use of SCIL to fabgicegular free standing nanostructures in
silica and silicon. Here, we use SCIL to direcidytprn optically transparent silica patterns over
large areas with high resolution. We describe a redatively simple route to produce high-
fidelity hole arrays that can be applied to anys$tdte type. We demonstrate its use to fabricate
hole arrays in gold films without using a lift-gffocess. Our method yields large area arrays
which are free of scattering particles or defeDfstical transmission spectrometry is presented,
demonstrating the high optical quality of the inmpeid nanohole arrays.

6.2 Fabrication of nanohole arrays using soft-nanoimpnt lithography

Soft-nanoimprint lithography requires a rubber gtamhich is molded from a master pattern.
The master pattern contains an array of dots wisigenerated using a Jeol 100 kV e-beam
pattern generator on a 150 mm diameter siliconmafe50 nm thick hydrogen-silses-quioxane
(HSQ). In a 0.80.5 mm area 150 nm diameter dots are placed inarsa@rray with a pitch of
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780 nm. After development of the HSQ an array dédemains. The surface of this master
pattern is made non-reactive by applying a monolafea fluoro-silane by vapor phase
deposition? From this pattern a soft silicone rubber, polyrithyl-siloxane, (PDMS) stamp is
molded. A composite stamp is made from a layergifdr modulus PDMS, containing a pattern
of holes, on a layer of soft PDM$*°Next, we use this stamp to create a second nzsttern
with the same pitch and diameter, but higher aspéotstructures. This process is schematically
indicated in Fig. 1. First a silicon wafer was g$putoated with a 50 nm thick layer of chromium
after which a ~1 micron thick layer of HPR-504 pivgl photo resist was applied by spin
coating. This layer was baked for 30 minutes ootgphate at 250 °C, after which a ~700 nm
thick cross-linked resist layer remains. On tophis layer a precise amount of silicon sol-gel
imprint resistis applied by spin coating. Directly after spimting the first stamp molded from
the HSQ dots is applied in the sol-gel resist. A3t@minutes the sol-gel resist has formed a rigid
silica-like material and the stamp was removeddntig pealing, leaving the structure as shown
in Fig. 1(a). The residual sol-gel layer underfimture was removed by a &N, anisotropic
reactive ion etch (RIE), Fig. 1(b). The remainira-gel resist serves as a mask during a
subsequent oxygen RIE etch of the organic registJaee Fig. 1(c). The remaining sol-gel etch
mask is removed in 1 weight percent hydrofluoricdgéiF) solution, Fig. 1(d). Figure 1(e)
shows a secondary electron micrograph (SEM) iméateeaesist pillars. The pillars are straight,
have smooth side walls and are uniform in heigldt@dameter.

Next, this high aspect ratio resist pattern is us®ed master to mold a second composite soft
PDMS stamp using the same procedure as for thesfasp. This second stamp is then used to
produce nanohole arrays in a gold film. Figure @shSEM images of the different stages of the
fabrication of the nanohole array. On AF45 gladssgates a ~100 nm thick sol-gel layer is
imprinted with the second stamp. After the soltged solidified, the stamp is carefully removed
leaving an array of silica pillars which are traasgmt to near-UV, visible and near-infrared light,
which are then cured in an oven at 200 °C in aguifé 2(a) shows a SEM image of the resulting
650 nm high silica pillars. Figure 2(b) shows tamgle after 250 nm gold is deposited over the
pillars by sputter deposition. The amount of gadgaisited on the pillar sides is about 100 nm,
judging from the increased pillar diameter in EAp). Next a thio-urea / iron-sulphate based wet
etch is used to remove the metal from the pillarand side wall$® This mixture has an etch
rate on our flat sputtered gold of ~32 nm / minram temperature. Figure 2(c) shows the
sample after three minutes of wet etching and lgletiows that all the metal is removed from
the pillar sides as well as the top of the pillEme short etch time required to remove all the
metal from the pillars is attributed to porositytleé metal on the pillar sides and the high surface
to volume ratio of the (250 nm thick) metal on tdghe pillar. The wet etch removes ~120 nm
from the planar metal layer, leaving a ~130 nmKigiald layer with holes at the pillar position.

(b) © (@

TN

PPPF PP EPPLs PRP PP PIFFEL P FLLPELEE S
imprint CF4 RIE 02 RIE HF etch

Figure 1. Schematic of the process steps useditdahigh aspect ratio pillars: (a) imprinted sokbresist on the
cross-linked HPR-504, (b) after the removal of tesidual sol-gel layer by RIE etching, (c) high espratio
organic resist pillars are formed by oxygen RIB Wet etching removes the sol-gel etch mask, (&)i8tage of the
final high aspect ratio resist pillars.
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Figure 2. SEM images at different stages in theohate array fabrication (images taken under an angi~40°).
(a) Imprinted sol-gel pillars, (b) imprinted soldgagillars after sputter coating with 250 nm golad) the metal is
removed from the pillars and a hole array remairthw500 nm high silica pillars protruding from theles, (d)
silica pillars are removed by etching in diluteduggpus HF.

The sol-gel pillars are then removed by a shot &td weight percent HF. Figure 2(d) shows
the gold nano hole array after the sol-gel pillaesremoved. The SEM image clearly shows that
the square array is well reproduced. The hole dianig enlarged to 180 nm compared to the
initial diameter of the sol-gel pillar (Fig. 2(ayyhich we attribute to a combination of shadow
effects during sputter deposition and the removVahetal by the wet gold etch. Replicating
thinner pillars would allow to decrease the hoknaieter further if desired.

The procedure described above leads to a metal drody on a glass substrate, i.e. an
asymmetric dielectric environment. We also studleifabrication of array geometries with a
more symmetric dielectric surrounding with the amnmcrease the peak transmission. To do so
we used the same procedure as shown in Fig. 2sée@d sample the sol-gel pillars were left
un-etched, filling the holes in the metal with gelk For a third sample, after the last etch step,
Fig. 2(d), a 340 nm thick sol-gel coating was aggblon top of the array. This layer fills up the
holes and a uniform sol-gel layer on top the aisdgrmed with a refractive index oft.42, as
measured on a planar substrate using ellipsonfefourth sample was made by first coating the
AF45 glass substrate (refractive indexlrb4) with a 2um thick sol-gel layer. On this sol-gel
layer the gold hole array was defined using theespmcedure as above, followed by over-
coating with a ~um thick sol-gel layer. This then leads to a symioetielectric surrounding
with index r=1.42 on both sides of the hole array.

6.3 Optical characterization

Angle-resolved optical transmission spectra werasuesd for hole arrays with the four different
dielectric surroundings. An incandescent lamp wagpted to a 20@um multimode fiber of
which the output was focused to a ~300 diameter spot on the sample. The transmitted ligh
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was sent to a fiber-coupled grating spectrometarvisible to near-infrared wavelengths (500-
1000 nm) we used a CCD detector (resolution 1.2 Ror)near-infrared wavelengths (900-1700
nm) we used an InGaAs array (resolution 3 nm). fiin@erical aperture of the incident and
transmitted light beam was limited to <0.01. Pdears were placed in parallel parts of the
incident and transmitted beams. The substrate l@asgonto a rotation mount with the rotation
axis aligned with the (0, 1) direction of the haleay. The wave vector and polarization of the
incident light were perpendicular to this directi@apolarization).

Figure 3 shows transmission spectra at normal @mad for the four different hole arrays with
180 nm diameter holes and a pitch of 780 nm in +i8@hick gold with (a) a conventional hole
array on AF45 glass, (b) hole array with sol-géaps protruding from the holes, (c) hole array
on glass with a 340 nm sol-gel on top and (d) lamtay surrounded by ~2m thick sol-gel
layers. The transmission is normalized to the trassion measured on an area where there is no
metal present. As can be seen from Fig. 3(a) theedroay exhibits extraordinary transmission as
high as 3.2%. Several transmission peaks are adxarig. 3(a) corresponding to the (1,0) and
(1,1) SPP modes at the air side of the array am(lit®), (2,0) and (1,1) modes corresponding to
SPP modes at the glass side of the array. As fieetige index on top on the array is increased
these modes shift and broaden. In Fig. 3(b) thepkamith sol-gel pillars remaining,
transmission of the (1,1) air mode is highly suppesel while the (2,0) glass mode decreases
slightly but broadens. The transmission of the)(@iOmode and the (1,1) and (1,0) glass modes
increase. The presence of the pillars in the hals causes a small red shift of 8-13 nm in the
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peak transmissions of the (1,1) glass, (1,0) ait @nl) air mode. We attribute this to the
presence of sol-gel material inside the hole, whichshifts the Fano-resonan¢é&® The peak

of the (2,0) glass mode exhibits a red shift oh#4 due to the decreased transmission of the
(1,1) air mode of which the red tail overlaps vtk (2,0) glass mode. Reduction of the (1,1) air
mode transmission therefore shift the (2,0) glasslentowards the red. In Fig. 3(c) the two
modes observed at 1090 nm and 813 nm are attribatee red shifted original (1,0) and (1,1)
air modes. The fact that these modes do not fulérlap with the (1,0) and (1,1) glass modes
indicates that the dielectric environment is ndtyfaymmetric. Figure 3(d) shows three main
peaks corresponding to the (1,0), (1,1) and (d&sgmodes, indicating the dielectric layers on
both sides are index matched. These peaks havediread significantly and except for the (1,0)
peak, the transmission maximum has increased caadily. In this sample the (2,0) mode
exhibit extraordinary transmission of 7.1 %, conggktio the hole area coverage of only 4.2 %.
The broadened and increased transmission inditteiesoupling between the two sides of the
array is increaset:'* Furthermore, the spectrum of Fig. 3(d) showsttte{1,1) and (2,0) SPP
transmission peaks exhibit a multitude of shargdiof reduced transmission. These are ascribed
to Fabry-Perot resonances in thgr thick top sol-gel layer, as will be discussedhbel

To understand the origins of the transmission manand maxima and the fine structure in the
spectra it is useful to look at the angular depandeof the transmission. Figure 4 shows
intensity plots of the transmission as a functidramgle of incidence (horizontal axis) and
wavelength (vertical axis) for the normal hole groa glass (a) and the array with protruding
pillars (b). The transmission at normal incider@y €orresponds to the transmission spectra in
Fig. 3(a,b). It shows a structure of transmissieaks, separated by dark bands. These minima
and maxima in the transmission spectra are caus€amn-resonances of directly transmitted
light and SPP mediated transmitted light. We fin@tective index on the glass side of 1.5. The
different slopes of the dark bands in Fig. 4 cqroesls to the different dispersion on the glass
side and air sid® Figure 4(b) shows that the presence of the piltereases the transmission of
the hole array over the entire angular range. istagtributed to the increase of the effective hole
area due to the presence of sol-gel material. imb@eation with a complex coupling geometry
by the protruding sol-gel pillars this leads toransmission increase.The well separated
dispersion curves in the transmission measurenwdritg). 4 clearly show that the gold hole
arrays have an asymmetrical dielectric environment.

Figure 5(a) shows an intensity scale plot of tlegmission as a function of the angle of
incidence and wavelength for the hole array ormagyubstrate with a 340 nm thick sol-gel layer
on top of the array (as in Fig. 3(c)). As can bensffom the transmission peaks and Fano-
minima, deposition of a 340 nm thick sol-gel lagartop of the array does not result in a fully
index matched sample. Sets of two distinct spiipdisive modes are visible, corresponding to
the Au/sol-gel/air interfaces and Au/glass substiraterface. The effective index of the Au/sol-
gel/air mode is found to be=t.4, which is due to the partial extent of the @sment SPP mode
to air, while the glass mode experiences the reft@mdex of AF45 glass&1.52 and therefore
this configuration cannot be matched using a sblayer. Besides the broad transmission
minima caused by Fano interference the spectracalstain more narrow transmission minima
for wavelengths below 950 nm. We attribute theseslto the fundamental TE waveguide modes
in the top sol-gel layet:
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Figure 4. Angular optical transmission spectra aicpuare array of 180 nm diameter holes on a pifct80 nmin a
~150 nm thick gold film (a) hole-array on glass) fiwle array on glass with sol-gel pillars in thelbs which
protrude ~500 nm above the gold film.

Figure 5(b) shows an intensity scale plot of ths$mission as a function of the angle of
incidence and wavelength for the hole array embedudeol-gel layers of ~2 micron thickness
(as in Fig. 3(d)). As can be seen from the transimmsminima, the sol-gel encapsulated hole
array exhibits a single SPP mode, because of imdatching. The transmission maxima
correspond to the glass SPP modes in the asymraetaigs. The (1,0) and (1,1) modes have
broadened substantially compared to the SPP géassiission modes in the other samples. The
(2,0) glass mode has the transmission peak foraantidence around 700 nm and exhibits low
dispersion with a transmission maximum of 7.1 %.il&/the thin sol-gel layer in Fig. 5(a)
displays only waveguide modes for wavelengths beéd@®@ nm, the 2 micron thick dielectric
layer shows much more waveguide modes for wavebtsngt to 1.2 micron. Depending on the
phase of these modes there will be destructiveference, apparent as sharp locally reduced
transmission in Fig. 5(a,b). The constructive if@emce is visible as the sharp bright lines in the
broad SPP-Fano resonance transmission dip in tleximatched sample. These waveguide
modes exhibit relatively low losses as evident ftbmrelatively narrow transmission features.
This confirms the high quality of the arrays and #bsence of scatter losses. The light is
eventually absorbed due to the finite reflectiothatsol-gel/gold interface.
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Figure 5. Angular optical transmission spectra aftpare array of 180 nm diameter holes on a pif#86 nmin a
~150 nm thick gold film (a) hole-array on glassyermed with a 340 nm thick sol-gel layer, (b) a galday
embedded in ~2m thick sol-gel layer on both sides.
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The waveguide modes on solid state index matchledan@y sample have not been observed in
previous work which studied index matching of hateays. In these experiments bulk index
matching liquids were used and thus no wave guiddas were possible in a thin layer on or
below the array’*® Also, in one of these studies the arrays had aiderably smaller area
(~10x10 pm) which required optics with a much higher etioal aperture which would broaden
the wave guide modé$in our dielectrically symmetric sample the lineitti of the resonances
is ~10 nm which corresponds to a propagation lenftil10um and ~92um for waveguide
modes overlapping with the (2,0) and (1,1) SPP modsspectively.

As Fig. 5(b) shows, index matching of the dielectsurrounding increases the resonant
transmission from ~3 % to 7 %. For optimized traission, the thickness of the sol-gel layers
can be optimized so that coupling to waveguide madesuppressed at the wavelengths of
interest. The (2,0) mode around 700 nm offerstadigpersion, high transmission peak which
can be of interest in a angle-independent col@rfilConventional diffraction based color filters
are much more sensitive to the incident angle efight. An interesting observation is that the
pillar array supports relatively high and narrowPSPansmission modes without additional
transmission features caused by the waveguide mwodélse index matched arrays. By
optimizing the pillar height and diameter the trarssion may be increased, from which the use
of hole arrays in applications could benefit.

6.4 Summary and conclusions

We have demonstrated a novel method to fabricgteftdelity gold nanohole arrays over large
areas using a cost effective soft-nanoimprint nettNde fabricated nanohole arrays with both
asymmetric and symmetric dielectric surroundingags with sol-gel pillars protruding from the
holes show increased transmission. The asymmetagsashow split dispersive bands in the
angle-resolved transmission spectra. Index-maticbledarrays exhibit a single SPP transmission
mode at corresponding wavelengths. The symmetlecdroays show a maximum transmission
up to 7.1 %, compared to a hole area of only 4.7B6. addition of a relatively thin dielectric
layer introduces slab waveguide modes which cauegudar modulation in the transmittance,
depending on the layer thickness. The optical nreasents demonstrate the high fidelity
nanohole arrays which can be made with SCIL toctlyepattern silica glass, metal deposition
and wet chemical etching.
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Chapter 7

Improved red-response in thin film a-Si:H solar cels with soft-imprinted
plasmonic back reflectors

The impact of controlled nanopatterning on the Agkocontact of an n-i-p a-Si:H solar cell was
investigated experimentally and through electrametig simulation. Compared to a similar
reference cell with a flat back contact, we demmstan efficiency increase from 4.5 % to
6.2 %, with a 26 % increase in short circuit curr@ensity. Spectral response measurements
show the majority of the improvement between 60d &0 nm, with no reduction in
photocurrent at wavelengths shorter than 600 nrtin@ation of the pattern aspect ratio using
electromagnetic simulation predicts absorption enbments over 50 % at 660 nm.
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7.1 Introduction

Effective light trapping is a critical componentsaflar cell development. In typical thin film
cells the thickness of the absorbing layer is gosdrby a tradeoff. the absorber must be
optically thick to absorb a significant fraction tife incident photons, but must also be of
sufficient quality to enable minority carrier cadteon lengths larger than the material thickness.
These dual requirements largely define currentpestVatt of photovoltaic power. Thin film Si
solar cells using hydrogenated amorphous Si (a}&nk nanocrystalline Si (nc-Si:H) are among
the most well-developed thin film photovoltaic nrés, but suffer from low diffusion lengths,
and much work has been devoted to the optimizatisarface texturing for light management.
These surfaces are typically textured metal-oxidesf including Sn@in superstrate cefisnd
sputtered films of Ag or Al and ZnO:Al in substratsls® where optimization of rms roughness
has been explored but the topography is otherveiedam. Surface texturing has also been
achieved by incorporating roughness in electrigadlysive materials, such as plastic subsfrates
and glass superstraies

Recently plasmonic nanostructures have garnereutiath as a method for enhancing absorption
in thin film photovoltaic absorber layets While the introduction of additional metal struets
can increase the Ohmic losses in the cell, thrapghropriate tailoring of the size, shape, and
position of the nanostructures these losses camibémized to enable overall spectral
enhancement of photovoltaic performance. Comparadugh substrates, designed patterns
allow for improved light management and controtedpling of incident free space radiation to
propagating guided wavé* There are non-optical device benefits to optinizabf the
improved light management as well: reducing thdasear topography relative to a randomly
structured rear contact improves semiconductorddmformity and thereby electronic quaftfy.

A significant challenge is the fabrication of largeea patterns with precisely controlled
nanoscale dimensions. In previous reported wodearhers have employed methods with
varying degrees of size and position ordering,uditlg island annealirig colloidal metal
particle§, and porous anodized aluminum oxide temptatésHere we utilize nanoimprint
lithography to pattern the back contact of an na4®i:H solar cell, and report on the
enhancements in solar cell response relative tarsap reference cell using current density-
voltage (J-V) and spectral response measurememtsl3 use full wave finite-difference time-
domain (FDTD) simulations to model the spectrapogse and optimize the shape of the
nanopatterned back reflector. We focus mainly @réd part of the spectrum, 600 - 800 nm,
where a-Si:H is weakly absorbing and the effedighit trapping is most pronounced.

7.2 Large area plasmonic cell fabrication

Large-area nanopatterns were replicated usingratgsbnformal imprint lithography (SCIL), a
method that offers the advantages of inexpensiftgosty(dimethyl)siloxane (PDMS) stamps
and delivers sub-50 nm resolution with wafer-sqalttern fidelity:> The master pattern is a
silicon wafer with 365 diameter holes, 200 nm deepa square lattice of pitch 513 nm, made
using laser interference lithography. The surfalcthe master wafer is first modified with a
fluoro-silane anti-adhesion monolayer. Next a 5@rom thick layer of high modulus PDMS
layer is spin coated over the master and pre-ctined, bonded onto a 200 micron thick glass
sheet using low modulus PDNfSand released from the master.
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The pattern from the stamp is then transferredhéosuibstrate. A 150 nm thick sol-gel based
resist is applied by spin-coating over a 150 mimail wafer. The wafer is placed parallel to the
stamp, at 100 micron distance. The stamp is atthloh@acuum to a plate with grooves, which
are sequentially pressurized to 20 mbar to comitectesist-coated wafer. The sol-gel reacts at
room temperature in 10 minutes to form a solid. rmves are then sequentially evacuated,
which results in a smooth release of the stamp tl@mmimprinted patterns. The stamps can be
used for over 2000 sol-gel imprints without obsedrpattern degradation. The replicated sol-gel
hole array is 88 wt-% silicon oxide, non-absorbiagg stable in air up to 4%0.

To form the back contact, the patterned sol-gaia/sputter-coated with 200 nm Ag(1%Pd), as
illustrated in the scanning electron micrographNBimage in Fig. 1(a). The metal holes are
225 nm in diameter after coating. The back contacta flat reference cell was made by
evaporating 200 nm of Ag on glass. Both cells vileed processed side-by-side in the remaining
steps to ensure identical deposition conditions08.nm ZnO:Al spacer layer was sputtered on
top of the Ag contact, followed by standard n-i4%iaH cell deposition using 13.56 MHz
PECVD with an intrinsic layer thickness of 500 AfiAn 80 nm indium tin oxide (ITO) top
contact was sputtered on top, which also servas astireflection coating. Finally a metal grid
was evaporated over the ITO using a contact maskattive area of the cell is 0.13%Hig.
1(b) shows a cross section of a cell after fabinoabn top of the patterned cell, made using
focused ion beam (FIB) milling. The different lag&an be clearly identified, and the holes are
conformally coated with Ag and ZnO:Al.

7.3 Electro-optical cell characterization and elecodynamic simulation

Figure 2 illustrates the current-voltage charastes of the flat and patterned n-i-p a-Si:H cells,
for the best cell of each type. The J-V charadiessvere measured with a solar simulator under
one sun illumination (AM1.5G, 100 mW/&n The patterned cell exhibits a 26 % higher short
circuit current density {9 than the flat cell, demonstrating an increaseitalpath length in the
device. The open circuit voltage ¥ shows a slight decrease, by 2 %. Combined, tisese
significant increase in efficiency from 4.5 % t@ 86 due to the patterned metal back contact.
Several cells of each type were measured, withiarnee in the absolute efficiency of 0.1 for the
reference cell and 0.13 for the patterned cel. iiteresting to note that the patterned cell does
not suffer from a reduced series resistance ofafiior.

v -~ —
(a) ITO
et ot ~— a-SitH
& & » ZnO
Ag
- -

500 nm

Figure 1. (a) SEM image of a nanoimprinted pattefioles after overcoating with Ag. The coated siale 225
nm in diameter, 240 nm deep, and have a pitch 8frBd. (b) SEM image showing a FIB cross secticafofly
fabricated n-i-p a-Si:H solar cell grown on the teahed back contact.
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Figure 2. Best JV measurements of the flat referesned patterned n-i-p a-Si:H cells. Inset shows dh#
characteristics for each device.

To better understand the nature of the enhancementieasured spectral response curves for
the two sets of devices. Fig. 3(a) shows the splaetsponse measured under a reverse bias of -1
Volt, which facilitates comparison to optical siratibn results by sweeping out all of the
generated electrons. At wavelengths shorter th@mBbtthere is little difference between the flat
and patterned cells. This contrasts with designs liffht trapping incorporating metal
nanoparticles on top, which often see a decreasffigiency in this part of the spectruht. At
these wavelengths most of the light is absorbethén500 nm thick i-a-Si:H layer before
interacting with the scattering layer. At waveldrgtonger than 600 nm there is a significant
difference in photocurrent between the two celtgegrating over the 600 - 800 nm region a
51 % increase in photocurrent is found.
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Figure 3. (a) Measured spectral response curvestlier flat and patterned cells under bias voltagel=V.
(b) Simulated normalized electron generation rdtg<lat and patterned cells.
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Figure 4. Calculated absorption enhancement fdiedént Ag hole diameters and depthd a660 nm. The solid
dot represents the experimental configuration. tngeometry of the simulation cell.

We also use electrodynamic modeling to understhadptical absorption and optimize the
dimensions of the nanostructured back reflectoigdesSimulations are done using three-
dimensional full field FDTD simulation, using a dered Si/ZnO:Al/Ag structure that is an
approximation to the experimental back reflectangetry as found in SEM (Fig. 3(b)). The thin
n and p layers (approximately 20 nm) were negleetét the entire 500 nm a-Si:H layer taken
as intrinsic and optically active. The complex aetive index data for the ZnO:Al, a-Si:H, and
ITO layers were based on previously measured dgiicetants, and for Ag based on a Lorentz-
Drude model using literature coefficielitsAs a simple topological approximation to the
experimentally-observed patterned structure, therior of the hole was modeled with an
effective index of n=1.4, between that of ZnO aaduum, as illustrated in the inset of Fig. 4.
The normalized optical generation ratg,Gvas calculated at each wavelength from the

divergence of the Poynting vector accordin;?opFﬁ%[wskﬂ%, whereg” is the imaginary
part of the complex permittivityE is the electric field and & was integrated over the
simulation volume containing a-Si#.%

Fig. 3(b) illustrates the calculated normalizedagation rate over the range of the solar spectrum
where a-Si:H is absorbing. As this is exclusivetyoptical model and does not account for the
efficiency of carrier collection, the results areosh comparable to a spectral response
measurement under reverse bias. The overall spshape for both the flat and patterned cells
corresponds well to the measured spectral resmataereproducing the predominant spectral
peaks and shoulders, indicating that the opticsbgition model is reasonable for comparison to
the experimental data. A clear enhanced red respsmalculated for the patterned cell, though
slightly less pronounced than in the experimenve@Githat the model correctly predicts the
experimental results, it was used to search foo@imized scattering pattern design. Fig. 4
shows the calculated absorption enhancement diggatdrapping for a range of hole diameters
and depths at= 660 nm. The experimental configuration, whicehewn by the solid dot, has
an enhancement of 42 % compared to the control Isatmgreasing the diameter of the hole
further to 370 nm and reducing the depth to 14Quilinncrease the absorption enhancementin
the a-Si:H to 54 %.
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7.4 Conclusions

In conclusion, we have shown that including pegathnostructures on the back contact of an
n-i-p a-Si:H solar cell enhances the red respoh#ieeadevice, predominantly through a 26 %
increase ingd. The overall cell efficiency improves from 4.5 &0&.2 % due to the patterns. We
observe that the photocurrent enhancements amstaamgwavelengths longer than 600 nm; no
decrease in performance is found at shorter wagtienThe nanopatterns were made using an
inexpensive and scalable process that allows factesontrol of the feature size, shape, and
arrangement. Optical electromagnetic modeling coegpwell to the experimental data, and
predict further optimization of the pattern is pbks This combination of these features makes
this a model system for investigating the achiex@blotovoltaic efficiency improvements due to
controlled light management.
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Chapter 8

Light trapping in ultrathin a-Si:H solar cells incorporating
plasmonic back reflectors

Thin-film solar cells offer the benefits of reduaméterials and fabrication costs as well as the
advantages of light-weight, flexible deviceBor these geometries to exhibit efficient current
generation, light trapping schemes are essentialgture the red and near-infrared portion of the
solar spectrumi® Here we demonstrate an ultrathin amorphous St selathat is integrated
with plasmonic light trapping structures built intee metallic back contact. The nanopatterns
allow the a-Si:H cells to be ultrathin (160 nmklging cells with short circuit current densities
exceeding that of cells containing randomly texdurack contacts due to near-field coupling to
waveguide modes of the a-Si:H layer. The nanopettare fabricated via an inexpensive and
scalable imprinting technique that could be adoptealstandard solar cell production. We use
amorphous Si as a test platform for photonic nattepadesign, but our approach is broadly
applicable to other thin-film solar cell materigtems.
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8.1 Introduction

Thin film solar cells made from hydrogenated amorghSi (a-Si:H) are attractive candidates for
large-scale photovoltaic applications because 8ighkly abundant and can be deposited on
flexible substrates using processes that are cdbtpatith roll-to-roll processing. Since
minority carrier diffusion lengths are very shora-Si:H, the cells are often made with a p-i-n or
n-i-p structure where the intrinsic absorbing laigeundreds of nanometers thick and carrier
transport is dominated by drift. Ultrathin filmshere the thickness of the absorber layer is
significantly reduced, would offer further cost gretformance advantages. However, the use of
thin absorbing layers reduces the short-circuitantrdensity () due to the decreased optical
path length in the semiconductor. Strategies foneasing s generally involve the incorporation

of surface texturing to scatter incident light indé-normal angles. In thick, wafer-based
photovoltaic cells, such surface texturing can keaaimaximum intensity enhancementiaf dt
wavelengths near the band edge, wineiethe index of refraction of the semiconductéior

thin and ultrathin film cells where the total devibickness may be less than a wavelength, light
trapping has previously been accomplished thromghomly roughened back reflectdrs.

The incorporation of plasmonic metal nanostructuréisin film solar cells is a promising route
to enhanced sd in photovoltaics because the strong light-mattgeraction in plasmonic
nanostructures enables large scattering cros®escany of the photovoltaic designs reported
to date that incorporate plasmonic nanostructwess on the deposition of metal nanopatrticles
on the front surface of the cell. This can leagreferential scattering of the incident light into
the semiconductor over an increased angular réngreby enhancing the optical path lerith.
While 10-20 fold enhancements of photocurrent Hsaen reported in such solar cells for near-
bandedge light, many of these devices suffer freduiced photocurrent from the blue part of the
solar spectrum due to destructive interfereh®@he advantages of these designs must also be
weighed against those achievable with standardraadband antireflection coatings** A
second strategy is to build the scattering nanoitres directly into the back contact of the
device. In this geometry, the incident blue lightabsorbed before interacting with the back
contact scatterers, while the red light that isrpjoabsorbed in a single pass through the cell is
strongly scattered (Fig. 1(a8)) 2 These back scatterers are designed to coupleirtdight into
waveguide modes of the absorbing semiconductor,leg@ucing the thickness requirements by
redirecting the absorption path into the planehefdolar cell. As opposed to cells with purely
grating-based reflectdrs® these designs also take advantage of the higkesng cross
sections of plasmonic nanostructures. Providedttiestructures are well-designed over the
scale of a wavelength, the absorption enhancentamtsexceed those from random surface
topography.

8.2 Fabrication of ultra-thin plasmonic back refledor solar cells

A significant challenge to the incorporation of gtgonic nanostructures in photovoltaics is
fabrication: the feature sizes are typically 104@0s of nanometers, while photovoltaic cell
dimensions may be in the’mange. Techniques for large area metal nanosteiébumation
include island annealidgr deposition through alumina templdfesvhile smaller test devices
may use electron-beam lithography or focused icambeatterning. In this work, we have
fabricated crfrscale n-i-p a-Si:H solar cells using soft-nanoimigithography* to incorporate
plasmonic nanostructures in the Ag/ZnO back contathe cell (Fig. 1(b)). This technique
offers the capability to form large-area nanopatiewith precise control over both the
dimensions and the spacing of the plasmonic saajtstructures, and is amenable to roll-to-roll
processing? In our case, the patterns are printed into a ebkiica layer using substrate
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conformal imprint lithography (SCIE§, which is then overcoated with Ag and ZnO:Al torfo
the back contact (Fig. 1(c)). A single substratataining solar cells with nanopatterns of
varying diameter and pitch as well as referencks egth flat back contacts is used to avoid
variations between different deposition runs whemgaring cell performance. Additionally,
multiple copies of each cell design and referemealsstributed over the substrate to reduce the
possible effects of wafer-scale spatial inhomoggn&ivo different intrinsic layer thicknesses,
corresponding to total a-Si:H thicknesses (inclgdhre n- and p- doped layers) of 340 nm and
160 nm were deposited on two wafers with identycpiepared back contact patterns. Fig. 1d
shows a cross section scanning electron micros¢8g|M) image of a fully fabricated
nanopatterned cell having an a-Si thickness ofrt60T he individual layers are clearly resolved.
The ultrathin a-Si:H layer is conformal to the npatterned contacts, with no cracks or voids
observed in the layer that could adversely infleetite performanc®. In addition to the
substrates patterned by imprint lithography, a oanlg textured substrate of Asahi U-type
glas$®, a common photovoltaic substrate with known rowgisnand topography, was used to
fabricate a 160 nm thick a-Si:H cell under the saeyosition conditions as the nanopatterned
substrate.

Since each successive layer is conformally dephdite underlying back contact structure for
both the patterned and the randomly textured deviciansferred to the top interface of the cell.
Figure 2 shows tapping mode atomic-force microsqédgyM) scans on the indium tin oxide
(ITO) top contact for both the imprint-patternedl &) and the randomly textured Asahi sample
(b). The imprinted substrate AFM scan reveals titetying 175 nm diameter nanopatterns that
are imprinted into the sol-gel glass layer, andgfarred to the back contact of the cell at a pitch
of 500 nm. In contrast, the randomly textured Agaass shows an uncorrelated distribution of
height variations.

(@) (b)

90 nm ITC
:- 10 nm p-a-Si:H
' 160 nm i-a-Si:H
1
[
T
1
[

10 nm n-a-Si:H
130 nm ZnCrAl

200 nm Ag
sal-gel

A‘ glass

(d)

Figure 1. Plasmonic light trapping solar cell desida) Schematic cross section of the patterneat sell. Patterns
are made on the rear glass substrate, and thecerngormal deposition of all layers over the pattethrough the
top ITO contact. Incident blue and red arrows iradicthat blue light is absorbed before reachingtihek contact
while red light is scattered into modes of the soéll. (b) Photograph of finished SCIL imprint perhed solar cell
substrate. Each colored square is a separate dewih different particle diameter and pitch. (dE8 of Ag

overcoated patterns showing 290 nm diameter pagiglith 500 nm pitch (d) SEM image of a cross eedif a

fabricated cell, made using focused ion beam ngilldote that the ultrathin a-Si:H layer constitutady a small
part of the cell.
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Figure 2.Surface topography of nanopatterned and randomdpted solar cells. Tapping-mode AFM images of
the top ITO contacts for two of the cells compangtiis study. The underlying Ag/ZnO nanostructsiteansferred
through each layer conformally, so that both thenfrand back contacts are structured. (a) Patteroetiwith 500
nm pitch, (b) Cell on randomly textured Asahi Uetypass substrate.

8.3 Electo-optical characterization

Figure 3 shows current density/voltage (J-V) meaments taken under 100 mW érAM1.5
illumination for the 340 nm (a) and 160 nm (b) kaells, all for cells with a plasmonic scatterer
diameter of 250 nm. In Fig. 3(a), data for 500 nmd @00 nm pitch are shown together with the
flat reference. In Fig. 3(b), data for the randomelytured Asahi glass cells are also shown. For
the 340 nm cells, the open circuit voltagedMs in the 840-850 mV range for all devices,
indicating that there is no significant differeneesemiconductor and contact quality across the
substrate. Data taken for several Ag particle diarsg200 nm, 225 nm, 250 nm, 290 nm) all
show similar &, Vo, and fill factor characteristics, with a slightiease in performance for
larger diameter scatterers. Further details areiged in the Supplementary Information.
However, a highersdis found for cells with a 500 nm pitch than follgevith a 700 nm
plasmonic scatterer pitch. For the 500 nm pitch @as) J. improves by

27 % compared to the flat cell. The highest efficierecorded among cells with the 340 nm
thick a-Si:H layer 1§=6.6 %) was found for a plasmonics scatterer pgtb00 nm and a
diameter of 250 nm. For the thinner cells (Fig) B is increased in comparison to the thicker
cells, to around 880 mV.

@ e (B) M Mdaasa A
flat reference —:ZID':I:';:EE
=500 nm pitch ——700 nm pitch
=700 nm pitch i
—~ =l ] o 5h — Agahi
£ §
z g
= 10} ) = -10
- -2
—
5L 340 nm 4 15k 160 nm
02 00 0.2 0.4 0.6 0.8 1.0 02 00 Dj2 0.}4 U.IS 0?8 1j0
Voltage (V) Voltage (V)

Figure 3. Electrical measurements on plasmonicrsoééls. Data are shown for a-Si:H with two diffaténtrinsic
layer thicknesses. (a) a-Si:H thickness 340 nm(Bh@-Si:H thickness 160 nm. Curves are showsdaare grid
patterns of 250 nm diameter plasmonic scatteremstahes of 500 nm and 700 nm, the flat referetie@nd (in
(b)) the randomly textured Asahi cell.
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We attribute this improvement to the decreased fdembination in thin layers, demonstrating
a potentially additional advantage of the use iof éittive layers aside from the reduced c&5ts.
At the same time, the fill factors have increase0.64. The 500 nm pitch, 250 nm diameter
samples now show an increase inaf 46 % over the 160 nm thick flat cell. The best
measured again had 250 nm diameter plasmonic saatnd 500 nm pitch. This cell has an
efficiency of 6.6 %, which is similar to the maximuefficiency found for the thick cell. While
Jsc Is lower in the thin cells, the increased.¥nd fill factor cause the overall efficiency to
remain the same between the two thicknesses. En®ustrates conclusively that plasmonic
back reflectors can be used to maintain efficiawhyte scaling to thinner solar cells.

Remarkably, Fig. 3(b) also shows thafdr the patterned cell with 500 nm pitch is sigrahtly
larger than for the randomly textured cell with Asb type of texture. Because the
nanopatterned cells and the randomly textured Asahple both have comparable fill factor and
Vo, We can exclude a difference in semiconductorityuaé an explanation for the improved J
We conclude that light trapping in the 500 nm pipetiterned cell is more efficient than in the
randomly textured sample.

To further study the nature of the photocurrentagitement, we measured external quantum
efficiency (EQE) spectra, defined as the numbeptécted charge carriers per incident photon,
using a Xenon lamp under light bias correspondirapproximately one sun illumination and 0
V bias. Fig. 4(a) shows the EQE spectra for theesdrm cells described in Fig. 3(b). The
photocurrent enhancement occurs primarily in the-58500 nm spectral range. While the EQE
of both the 500 nm and the 700 nm pitch cells edséleat of the flat reference cell, there is a
pronounced difference between the curves in theeleagth range from 550 nm to 700 nm. The
cell on the randomly textured Asahi substrate hagrg smooth EQE response, while the
patterned devices exhibit peaked features in thie Eipve, of which the peak wavelengths are
reproducible for each pitch (see Supplementaryin&ion). The inset of Fig. 4(a) shows EQE
spectra of these two cells recorded with highecspkresolution using a supercontinuum laser
source filtered by a grating spectrometer. The derptructure of the 500 nm pitch sample
remains clearly visible compared to the smooth EBQ&ctrum of the randomly textured Asahi
sample. Notably, the EQE of the 500 nm pitch cateeds that of the randomly textured Asahi
sample in the 550 - 650 nm spectral range where thaignificant power in the solar spectrum.
From 650 nm to 800 nm the features in the spedtiheo nanopatterned cell sharpen and
alternately exceed and fall below the curve forrdmedomly textured Asahi cell.

8.4 Electromagnetic simulations of thin film solarcells

We use full-field finite difference electromagnedimulations to study the optical contribution of
the nanostructures, with the cell layer thicknessekoptical constants taken from experimental
values. Figure 4(b) shows the calculated carrieegaion rate modeled as,f= e"|EF/ 2n
normalized by the incident photon flux across tGé 3 800 nm spectral range of photovoltaic
activity for these cells. The inset shows a crasgisn of the geometry used to describe the two
patterned cells, where the nanostructures are takemhemispheres and the unit cell is chosen
with either 500 nm or 700 nm pitch. The surfacadtire for the randomly textured Asahi cell
was modeled using the AFM data shown in Fig. 2. dptecal model accurately reproduces the
spectral shape of the curves, including the entthabsorption of the 500 nm pitch cell relative
to the randomly textured cell and the reduced gsor for the 700 nm pitch cell. The
enhancement and many of the peaked features amedueed well in the simulation, and
deviations may be due to minor variations in laysrkness, pitch, and optical constants.
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Figure 4. External quantum efficiency spectra afopatterned and randomly textured cells from mezrsant and
simulation. (a) Measured EQE spectra for cells @ hm thickness, under one sun illumination at @g.bThe
primary enhancement in photocurrent over the fdigrence cell occurs from 550 - 800 nm. The 50@itch cell
shows higher EQE than the randomly textured Asalhi the inset of a shows EQE measurements oftiveseells
at higher spectral resolution. (b) Electromagnetimulations of the generation rate spectra for shene set of
devices.

The overall spectral correspondence between trareteagnetic simulation and the EQE
measurements strongly suggests that the EQE enhanteés due to increased absorption from
light trapping.

To further investigate the nature of the light pigyg mechanism for the nanopatterned and
randomly textured Asahi glass samples we measu@&tldpectra as a function of incident angle
for the thinner cells. Figure 5 shows intensity sapthese angle-resolved EQE spectra, for
angle of incidence between -45° and +45° from thlessate normal and for a range of
illumination wavelengths from 550 nm to 850 nm, ttee randomly textured Asahi cell (a) and
the 500 nm pitch cell (b). The EQE curves at norima@tience were found to agree well with the
measurements shown in Fig. 4. Some variation witheaof incidence is expected for all cells
due to the angular response of the anti-reflect@ating present on the cells. However, while it
is evident that the randomly textured Asahi cell haelatively isotropic spectral response to
angle of incidence, the 500 nm pitch cell exhibitsre complex behavior. The enhanced EQE
for the patterned cell in the 550 - 650 nm rangsdi in Fig. 4(a)) is observed, and can be seen to
extend to at least +/- 20 degrees. From 650 nnD@rsn the spectral photocurrent features
become sharper, and show a stronger angular depandehe dispersive features measured in
Fig. 5(b) are clear evidence of coupling betweghtlscattered by the grating and the waveguide
modes supported by the high-index a-Si:H layehefdolar cell.

(©)
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0.2
0.0
20 40
)

Figure 5. Angle-resolved photocurrent spectroscdfgasured EQE versus incident wavelength and intiaiegle
for cells with 160 nm a-Si:H thickness. (a) Randoraktured Asahi cell and (b) nanopatterned cethwipitch of
500 nm. The Asabhi cell shows a rather isotropigwdar response, while the nanopatterned sample stobear
evidence of grating coupling to waveguide modgd.i{e EQE enhancement for the nanopatterned sathpleatio
of (b) to (a); the calculated folded-zone dispengitagram of the lowest-order TE and TM modespesmposed.
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We calculated the dispersion curves for the wadgmodes present in a representative planar
device with 500 nm periodicity. The calculationsrev@erformed using the experimentally
determined layer thicknesses and optical constinisg. 5(c), branches corresponding to the
TE and TM modes with the highest modal overlap Witha-Si:H are shown, folded back to the
angular range of interest by taking diffractionthg two-dimensional periodic structure into
account. The curves are superimposed over an ityenap of the relative enhancement of the
EQE of the patterned cell compared to the randaexyured Asahi cell. Clearly, the pattern of
dispersive bands observed in the EQE measurengnessavell with the calculated waveguide
mode dispersion. In particular, the bands of enbdm@bsorption in the 700 - 850 nm range are
well explained by the model, including the crossiaj740 nm and 770 nm. Deviations between
measurement and calculation are attributed to sifedkences in optical constants and the fact
that the calculation does not include surface @ation and associated mode coupling.
Additional spectral features observed in the EQE&csp could possibly be associated with
absorption due to local field enhancements in #msatructures. The measurement clearly shows
that for these wavelengths, coupling to modes glulaethe a-Si:H layer is responsible for
increased absorption in the cell. In the spectabge 550 - 650 nm, where the EQE of the
patterned cell exceeds that of the randomly tegté®ahi substrate, calculations show a high
density of modes. The fact that in this regionimarp features are observed in the measurements
is due to the large number of modes present, wéuielstrongly broadened because of large
absorption of a-Si:H in this spectral region.

We note that as a final important benefit of thplesmonic solar cells, this ultrathin design
reduces the well-known Staebler-Wronski degradatifect’ that has limited the long-term
performance of a-Si:H photovoltaics so far. Ultnath-i-p devices, with thicknesses such as
demonstrated above, possess high internal eléetds, which are known to exhibit no or only
minimal light-induced degradatidrf®?°

8.5 Conclusions

In summary, we have demonstrated ultrathin a-Soldrcells employing light trapping using
plasmonic back reflectors. Light scattering frora ttanopatterned back contact enhances the
photocurrent, while the reduced cell thickness eaas increase in open circuit voltage and the
potential for long-term stability. The efficienciaells with intentionally patterned back contacts
can exceed that of randomly textured cells. Futtaek will focus on further optimization of the
nanopattern design. The concepts described heapplieable to any type of thin-film solar cell,
including commonly used photovoltaic cells maderfrmaterials such as polycrystalline Si,
CdTe, and CuliGa «Se.

Methods

The master substrate of nanopatterns was madeelsictgon beam lithography on a Si wafer. A
bilayer stamp was molded from the master, congstof a thin high-modulus
poly-di-methyl-siloxane (PDMS) layer holding thenopatterns and a low-modulus PDMS layer
to bond the rubber to a 2(n thick glass support for in-plane stiffness. Ttaarg was used to
emboss a 100 nm thick layer of silica sol-gel o#BElass substrates using substrate conformal
imprint lithography (SCIL). The sol-gel layer safidd at room temperature by forming a silica
network, while reaction products diffuse into thiler stamp. After stamp release the sol-gel
was post cured at 200 °C. The patterned area wasnlby 4 cm, with patterned and flat
reference cells tiled in 6 mm x 6 mm sections. 3blegel patterns together with the Asahi U-
type glass were overcoated with Ag and ZnO:Al piattering, and 13.56 MHz plasma enhanced
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chemical vapor deposition was used to depositihe &-Si:H layers. An array of 4 mr4d mm
squares of ITO was sputtered through a contact naaskfinger contacts were evaporated over
the ITO using a second contact mask. The finalareh of each device was 0.13“cBevice
characterization was performed using a solar sitoulander one sun illumination (AM1.5, 100
mW/cnf) and EQE measurements were performed using momwettic light from a halogen
lamp with one sun light bias applied. Angle-resdIi#)E measurements were performed using a
supercontinuum laser source filtered by a gratpegsometer with a passband of ~3 nm and a
sample stage providing eucentric rotation abouptiet of illumination. The illumination was
focused to a spot diameter of approximately @f0at low numerical aperture.
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8.6 Supplementary information
1.J-V Measurements

Here we present additional details of the J-V mesments for the two thicknesses of cells
measured. The nanopatterned substrate containlediatl 4 diameters of scatterers and two
pitches. As originally patterned in the glass,di@neters were 100 nm, 125 nm, 150 nm, and
175 nm, and after Ag coating these increased tooappately 200 nm, 225 nm, 250 nm, and
290 nm. The flat reference cells were built inte s$ame substrate. The patterns were distributed
across the substrate to minimize the effects obsiéipn inhomogeneity. The.Jneasurements
were taken from the integrated EQE measuremenishughoften a slight underestimate of the
real dc

For the cells of 340 nm a-Si:H thicknesge M comparable across all the cells measured,;and i
the 840 — 850 mV range with standard deviationsfsel0 mV. The fill factors are comparable
across all measured cells as well, in the 0.55-aB§e with standard deviations of 0.01. The
major difference between the patterns isdna$ expected for cells with varying degrees aitlig
trapping. There is a comparatively small changawrage between particle diameters, and a
slightly more substantial effect from pitch.

Thickness (nm) | Diameter (nm)|Pitch (nm)| Vg (V) FF Jse (mA/em?) Ef.(%)
340 flat 0.844 (0.004) | 0.58 (0.01) 10.5 5.14
340 200 700 0.847 (0.005)| 0.56 (0.01) 12.78 6.06
340 225 700 0.846 (0.009)| 0.56 (0.01) 12.8 6.06
340 250 700 0.843 (0.01) |0.55 (0.002) 13.34 6.19
340 200 500 0.850 (0.007)]0.56 (0.007) 13.13 6.25
340 225 500 0.848 (0.005)|0.56 (0.010) 13.23 6.28
340 250 500 |0.848 (0.007)| 0.55 (0.01) 13.85 6.58
340 290 500 | 0.846 (0.01) | 0.55 (0.01) 13.52 6.29

Table S1. Summary of J-V measurements for cels34i® nm thick a-Si:H. Standard deviations are shdw
parentheses beside the average values. Thelilies were determined from the integrated spect#gponse
measurements.

Thickness (nm}|Diameter (nm)|Pitch (nm}| V.. (V) FF Iy (mA/em?) |EE.(%)
160 flat 0.890 (0.01) | 0.68 (0.01) 7.86 476
160 200 700 0.867 (0.028) |0.65 (0.008) 10.2 5.75
160 225 700 0.884 (0.028) |0.66 (0.011) 10.57 6.17
160 250 700 0.882 (0.0024) |0.65 (0.010) 10.2 3.85
160 290 700 0.882 (0.028) |0.65 (0.027) 10.2 5.85
160 200 00 0.885 (0.007) |0.65 (0.008) 10.2 5.83
160 225 500 0.877 (0.019) |0.63 (0.034) 11.8 6.52
160 250 300 0.883 (0.001) |0.64 (0.015) 11.6 6.56
160 290 500 0.886 (0.001) |0.66 (0.004) 11.2 6.55
160 Asahi 0.869 (0.008) |0.64 (0.008) 10.8 6.00

Table S2. Summary of J-V measurements for celish® nm thick a-Si:H. Standard deviations are shoaiow
the average values. Thealues were determined from the integrated spectspponse measurements.
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Figure S1. External quantum efficiency spectraatisonith 340 nm thick a-Si:H.

A similar effect is seen for the thinner cells 60Inm thickness. }is again comparable across
the cells measured, in the 880 — 890 mV range, stéhdard deviations around 20 mV. These
Voc's are higher than those found in the thicker célke fill factors are higher as well, around
0.65 with 0.01 standard deviation. The differenetvgen the diameters is very slight, but there
is a more substantial difference between the twahps in & The Asahi cell has an intermediate
Jse With comparable (or slightly lower)ovand fill factor.

2. EQE Measurements

For the thicker cells (Fig. S1), the increase intphurrent occurs primarily from 600 - 800 nm
spectral range. From 350 nm to 600 nm there e liifference between the curves, as most of
this light is absorbed directly in the cell befoeaching the back contact. This also indicates that
the carrier collection is not hindered by the nattgned back contact. Since these cells are
thicker, the onset of differences between the spdegins around 600 nm, rather than at 550 nm
as shown in Fig. 3 in the main text.

(a) 0.8+ flat reference
—— 200 nm / 500 nm pitch
0.6} —— 225 nm / 500 nm pitch
—— 250 nm / 500 nm pitch
w 04l —— 250 nm / 500 nm pilch
g —— 290 nm / 500 nm pitch
w / ——— 200 nm / 700 nm pitch
0.2 4 —— 225 nm / 700 nm pitch
—— 250 nm / 700 nm pitch
0.0t
(b) 0.8+ —— flat reference
flat reference
0.6+ —— 200 nm / 500 nm pitch
—— 225 nm / 500 nm pitch
w 04t ——— 250 nm / 500 nm pitch
& ——— 290 nm / 500 nm pitch

0.2+ 4

0.0t

400

600

800

Wavelength (nm)

—— 200 nm / 700 nm pitch
—— 225 nm / 700 nm pitch
——— 290 nm / 700 nm pitch

Figure S2. EQE spectra for all patterns measuhddasurements for the 340 nm thick a-Si:H cellsaavn in (a),
and the 160 nm thick cells are shown in (b). Tis¢ fiumber in the legend is the diameter of thééwgisphere, and
the second the pitch of the particles. The shaplenaagnitude of the spectra show very little chanigle diameter,

but the features on the red side of the spectragpeatable within each set of pitches.
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The small features observed on the red side dfibetra are observed in all of the cells of each
pitch, and are independent of particle diameteer@\; from 600 - 800 nm the EQE increases by
87 % in the 500 nm pitch cell compared to theréé¢rence cell, not accounting for differences

in the solar spectrum power over this range. Comgdine two patterned cells, the 500 nm pitch

cell has the highest EQE from 600 nm to 700 nmlenthie 700 nm pitch cells have higher EQE

in the 700 - 800 nm range. Since the power in titer Spectrum is higher in the spectral range
between 600 and 700 nm this will produce a largdodthe 500 nm pitch sample, as observed
in Fig. 3.

For both sets of cells, the features in the EQEtspare repeatable within each pitch. Fig. S2
shows EQE measurements for cells of each diametigpiech, as well as the flat reference cell
from each. There are slight differences with diaandiut the differences are much smaller than
the change in pitch. All of the cells with nanopatis of 500 nm pitch substantially exceed the
cells with nanopatterns of 700 nm pitch, and offtaereference cells.

To check for differences in the reference cellgesal EQE measurements were made for cells at
various locations over the substrate, shown in &8).The randomly textured Asahi substrate
was of the same length as the nanopatterned sighstral positioned next to the nanopatterned
substrate during a-Si:H deposition. The clear répewility of the reference cells indicates that
thickness variation across the substrate is nasdliece of the observegl differences.

3.FDTD details

Finite-difference time domain simulations (FDTD)re@erformed using commercially available
software (Lumerical). The layer thicknesses wektertdrom cell cross sections (such as Fig. 1d).
The optical constants of the ITO and ZnO:Al werletaas 2.08 + 0.004i and 1.93 + 0.004i,
respectively, with slight dispersion measured usitigsometry. The optical data for a-Si:H was
taken from measured values. Ag was modeled usiogyentz-Drude model. The simulation
geometry for the randomly textured cells was takem measured AFM data, and used to
construct the surface.

0-8 T T T T T
——flat reference |
— flat reference
06 B — Asahi i
— Asahi
— Asahi

0.4

EQE

0.2

0.0

600 800
Wavelength (nm)

400

Figure S3. EQE spectra for flat and randomly tegtliAsahi reference cells of 160 nm a-Si:H thickne&QE
measurements for a number of each type of referegitéaken at various points across the substrate.
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Nanotechnology focuses on the fabrication, charaetison and modeling of structures and
processes on length scales below 100 nm and isinsaldhost every scientific discipline.
Conventional nanofabrication techniques such asagrblithography or focused ion beam
milling are routinely used in research experimeHtawvever, they are not suited for fabrication
of large-area nanopatterns at low cost. Nanoimpgntnay be developed as a versatile
inexpensive technique for fabricating nanostrucumevhich a master pattern is replicated via a
stamping process using rigid stamps. However, iegistanoimprint methods which use rigid
stamps cannot print large areas.

In this thesis we present Substrate Conformal Intjuithography (SCIL) as a novel wafer-scale
nanoimprint method with nanoscale resolution witichbines the resolution and accuracy of
rigid stamps with the flexibility of soft stamp rheids. We characterize the SCIL technique in
detail and apply it in nanophotonics, the studytha interaction and control of light with
dielectric, semiconductor and metal structures Whie comparable in size of smaller than the
vacuum wavelength of light.

Chapter 1 describes existing nanoimprint methdd$istusses the limitations of rigid stamps
such as sensitivity to particle contaminations sulostrate bow and the limits in resolution and
accuracy for soft stamps. Substrate Conformal Impithography (SCIL) is introduced which
combines the advantages of rigid and soft stamps.

Chapter 2 describes the SCIL soft-nanoimprint geae detail. We introduce a novel silica sol-
gel imprint resist and study the sol-gel chemidtyy optimal imprint performance. The
development of a new soft rubber stamp materialascribed which enables sub-10 nm
resolution in imprinted sol-gel features. We dentiate that SCIL replicated grating patterns
show an average pitch variation over arnZbmm area that is less than 0.1 nm.We demonstrate
sub—50 nm overlay alignment of two layers imprinssthg SCIL.

Chapter 3 demonstrates the versatility of the S§ift-nanoimprint method, such as nano
patterns with a 30 nm pitch and imprinted singletdees with an aspect ratio of as high as 5.
Very low-aspect ratio features (1/640) with 2 nmatson in topology are also demonstrated. We
show that imprinted sol-gel patterns can be traredfieinto underlying materials while
maintaining sub-10 nm resolution. We demonstratedgeneously imprinted patterns over 150
mm diameter wafers and demonstrate pattern torersion on this scale. Two methods are
demonstrated to pattern noble metals in partickeyarand sub-wavelength hole arrays. SCIL is
applied on non-continuous substrates to producepiwcrystal InGaN LEDs which exhibit a
strong modification of the emission pattern.
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Chapter 4 demonstrates a route towards 3D woodgdle photonic crystals. A process is
developed in which directly imprinted silica grajgare subsequently planarized with a polymer
using a surface energy driven process. Using teihoas we stack multiple grating layers and
show a four-layer woodpile type structure with #@ features on a 240 nm pitch which is
temperature stable up to 1000 °C.

Chapter 5 treats single-mode polarization-staldligertical Cavity Surface Emitting Lasers
(VCSELSs) covered with imprinted gratings. We congptire SCIL nanoimprint process to e-
beam lithography by comparing the electro-opti@af@rmance of polarization-stable VCELs
with sub-micron gratings that are produced by letihniques. The lasers produced by SCIL
exhibit equal performance as devices produced bgasn lithography which shows that our
imprint process has the same high fidelity as cotiveal e-beam lithography. We also prepare
VCSELs with sub-wavelength gratings that cannanlee by e-beam lithography and thereby
increase the laser efficiency by 29 % comparedtwentional sub-micron diffractive gratings.

Chapter 6 demonstrates a novel fabrication routertee-area nano hole arrays, which exhibit
extraordinary optical transmission attributed ®d¢bupling of surface plasmon polaritions. The
confinement of light to the metal surface in anubad the holes makes hole arrays interesting as
angle independent color filters and for sensor iappbns. We show that as the dielectric
surrounding of a hole array becomes more symmethe, surface plasmon mediated
transmission increases and broadens.

Chapter 7 studies the improved red light absorptighin-film hydrogenated amorphous silicon
(a-Si:H) solar cells with plasmonic back mirrorgii film a-Si:H solar cells are made on SCIL
structured silver mirrors and smooth silver mirforsreference. Patterning increases the energy
conversion efficiency to 6.2 %, an increase of 26d¥mpared to smooth reference cells. This
increase is due to an enhanced absorption in €60 nm wavelength range. The patterned
mirror diffracts non-absorbed light into off nornmeaaigles, thereby increasing the optical path
length and carrier generation rate.

Chapter 8 studies the performance of ultra thiicail solar cells. We use SCIL to pattern
substrates which a large variety of nano pattemsvbich thin film a-Si:H solar cells are
processed with a thickness of 160 and 340 nm. AritBGhick silicon cell is also made on
randomly textured glass. The best patterned cetls 160 nm thick silicon exhibit an energy
conversion efficiency of 6.6 %, equal to that af thest thicker cells and 37.8% better than flat
cells. Crucially, some regular patterns exhibitatprioved efficiency over cells made on
randomly textured glass, which we attribute to d¢mgpof back reflected light to waveguide
modes in the silicon.

Overall, this thesis demonstrates the top downidabon of large-area nanoscale patterns by

Substrate Conformal Imprint Lithography (SCIL) tlee used to demonstrate lasers, LEDs,
plasmonic hole arrays and solar cells with impropedormance.
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Samenvatting

Nanotechnologie bestudeert de fabricage, karaktezien het modelleren van structuren op
lengteschalen kleiner dan 100 nm en wordt toegepagha elke wetenschappelijke discipline.
In het nanotechnologieonderzoek worden structuretrafmetingen op de nanoschaal gemaakt
met behulp van technieken zoals elektronenbunketjitafie en ionenbundelsputteren. Helaas
zijn deze technieken niet geschikt om tegen lageekostructuren met afmetingen op de
nanoschaal te patroneren op grote oppervlakkenoiNgmintlithografie is een techniek die in
potentie grote opperviakken kan patroneren met materresolutie tegen lage kosten. Deze
techniek is een replicatieproces en maakt gebridk een stempel om patronen met
nanometerresolutie aan te brengen op substratérmplioeden gebruikt deze methode echter
rigide stempels die geen grote opperviakken kumadroneren.

In dit proefschrift presenteren wij Substraat-Confe Imprint Lithografie (SCIL), een nieuwe
imprintmethode die grote oppervlakken kan patramenet aan de ene kant de resolutie van
rigide stempels en aan de andere kant de flexaltiMian zachte stempels. We bestuderen de
SCIL-methode en passen deze toe in het vakgebiedl@ananofotonica, de studie van de
interactie van licht met diélektrische-, halfgesiden metaalstructuren die afmetingen hebben
kleiner dan de golflengte van het licht.

Hoofdstuk 1 behandelt bestaande nanoimprintteckniek/e behandelen de voor- en nadelen
van rigide stempels, zoals gevoeligheid voor deetn substraat non-uniformiteit en beschrijven
de resolutielimiet van zachte stempels. Vervolgetieduceren we SCIL, die de voordelen van
harde en zachte stempels combineert.

Hoofdstuk 2 behandelt de SCIL-techniek in detaile \troduceren een nieuwe
anorganische imprintlak die gebaseerd is op solepeimie. We ontwikkelen een harder
siliconenrubber stempelmateriaal dat het mogelglakt om sub-10 nm structuren te repliceren
in sol-gel lagen. Hiermee demonstreren we dat eiSQIL gerepliceerde tralie een gemiddelde
afwijking in de steek heeft die minder is dan Orh aver een opperviak van 22 mm.
Daarnaast demonstreren we dat met SCIL twee opkgEmde lagen ten opzichte van elkaar
uitgelijnd kunnen worden met een resolutie die histdan 50 nm.

Hoofdstuk 3 demonstreert de veelzijdigheid van SGh laten we gerepliceerde
patronen zien op een steek van 30 nm en gereplie@atronen met een hoge aspectverhouding
van 5. Het repliceren van extreem lage aspectvelihgan (1/640) is ook mogelijk en dit laten
we zien door tralies te repliceren die geplanarsegn binnen 2 nm. Verder gebruiken we
gerepliceerde sol-gel patronen als etsmasker em Mk zien dat de sub-10 nm resolutie
behouden blijft nadat het sol-gel patroon doordé&ias een onderliggende laag. Substraten met
een diameter van 150 mm worden homogeen gepatbapalemonstreren de inversie van de
patroontoon op deze schaal. Daarnaast worden twdeden geintroduceerd om edele metalen
te patroneren en deze worden gedemonstreerd dugiers van nano-gaten en nano-deeltjes in
metaal te fabriceren. De SCIL-techniek maakt hegelifk om niet-continue substraten te
patroneren en op deze manier maken we op InGaNsgette fotonisch kristal LEDs die een
sterk gemodificeerd emissiepatroon vertonen.
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Hoofdstuk 4 demonstreert een relatief eenvoudigierom driedimensionale “woodpile
type” fotonische kristallen te maken. Het procedsrgikt SCIL om siliciumoxide sol-gel tralies
te patroneren. Deze tralies worden vervolgens gaplseerd met een polymeer door middel van
een proces dat gedreven wordt door oppervlaktegenelDoor het stapelen van de tralies
bouwen we een woodpile type structuur bestaandeanitagen met een traliesteek van 240 nm
en lijnbreedtes van 70 nm. Deze structuur is thesmstabiel tot 1000 °C.

Hoofdstuk 5 onderzoekt polarisatie-gestabilise¢aders met een verticale trilholte en
goed gedefinieerde ruimtelijke en temporele cohererDe polarisatiestabilisatie wordt
verkregen door een tralie te patroneren in éérdediaserspiegels. De periode van de tralie is
550 nm en de golflengte van het laserlicht is 880 Het elektro-optisch gedrag van lasers,
waarvan de tralies zijn gepatroneerd door middal elektronenbundel lithografie en SCIL,
wordt vergeleken. De lasers die gepatroneerd ajrS€IL hebben identieke prestaties als lasers
die met elektronenbundellithografie zijn gepatrode®oor gebruik te maken van SCIL is het
mogelijk om lasers te fabriceren met tralies dia periode hebben die kleiner is dan de
diffractielimiet en welke in de praktijk niet mdektronenbundellithografie gefabriceerd kunnen
worden. Deze lasers hebben een 29 % hogere effictan lasers met conventionele tralies die
wel diffractie vertonen.

Hoofdstuk 6 beschrijft een nieuwe fabricageroute @pngrote oppervlakken edele
metalen te patroneren met een rooster van gaagjeed diameter hebben die kleiner is dan de
golflengte van het licht. Deze structuren onderst@u opperviakteplasmonpolaritonen,
elektromagnetische oppervlaktegolven die gekoppigicaan de geleidingselektronen van het
metaal. Door de koppeling van licht naar plasmonmerdt de transmissie door de gaten sterk
verhoogd. De concentratie van licht aan het mepgealio/lak maakt deze roosters interessant om
toe te passen in hoekonafhankelijke kleurenfilersensoren. We laten zien dat, wanneer de
diélektrische omgeving van de roosters meer symseativordt, de transmissie toeneemt en
verbreedt.

Hoofdstuk 7 bestudeert de verbeterde absorptiga@ahlicht in waterstof bevattende
dunne film amorf-silicium (a-Si:H) zonnecellen mgasmonische reflectoren. De a-Si:H
zonnecellen worden gedeponeerd op met SCIL gestaerde zilveren reflectoren en ter
controle op vlakke reflectoren. De gepatroneertlerteebben een energie conversierendement
van 6.2 %, wat een verbetering is van 26 % tenabpzivan de referentiecellen met viakke
reflectoren. Deze toename wordt veroorzaakt doot@sgenomen absorptie van licht met een
golflengte tussen de 600 nm en 800 nm. In de gepedrde cel reflecteert het niet-
geabsorbeerde licht in diffractieordes die onder le@ek staan met de normaal, waardoor de
optische padlengte vergroot wordt.

Hoofdstuk 8 bestudeert de efficiency van ultradumaterstof bevattende amorf-silicium
zonnecellen. Met SCIL worden substraten gepatroheest verschillende patronen in een
zilveren reflector. Hierop worden a-Si:H lagen gemlgeerd met een dikte van 160 en 340 nm.
Ook wordt er een 160 nm dikke a-Si:H laag gedepahege een substraat met een willekeurig
patroon in de reflector. De beste gepatroneerdeexmilen met een dikte van 160 nm hebben
een energie conversierendement van 6.6 %, wakgeljan de prestatie van de beste dikkere
cellen, en 37.8 % hoger dan de dunne vilakke refemmllen met een rendement van 4.8 %.
Cruciaal hierbij is dat sommige gepatroneerde natn hoger rendement hebben dan cellen die
op de willekeurige patronen zijn gedeponeerd. Deegbetering schrijven we toe aan
gereflecteerd licht in diffractieordes dat kopeh lichtgeleidingmodes in de siliciumlaag.

Samenvattend, demonstreert dit proefschrift de mecleerde fabricage van structuren op een
nanoschaal over grote oppervlakken met behulp véstBaat-Conforme Imprint Lithografie
(SCIL) die gebruikt worden om de prestatie vanisseEDs, plasmonische gatenroosters en
zonnecellen te verbeteren.
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