
;e3e|| 6NTZ  5 10 15 20 2S  OPTICAL LITHOGRAPHY BEYOND CONVENTIONAL
RESOLUTION LIMITS TECHNICAL FIELD The present invention concerns a new
scheme for optical lithography that allows extension of optical lithography
beyond the conventional resolution limits imposed by the wavelength of the
exposing light. BACKGROUND OF THE INVENTION The resolution of conventional
optical lithography schemes is mainly limited by the wavelength of the
light used for the transfer of a mask pattern onto a resist. The wavelength
of the exposing radiation is a main determinant of pattern resolution W,
given by the Rayleigh equation W = kiaJNA, where J, is the wavelength of
the exposing light, NA is the numerical aperture of the optical lithography
tool) and k, is a constant for a specific lithography process. In other
words) the resolution W is proportional to the wavelength ~. of the
exposing light. Cutting Edge production today creates features that arc
250nm wide using 248 nm illumination. Currently) the implementing schemes
based on light are the bottleneck when crying to obtain structures of a
feature size below 200nm.State-of the-art optical lithography system for
making current DRAMs, for example, arc quite expensive. Alternative
processes become attractive when moving on to smaller feature sizes) but
the required investments are huge. Thus techniques that maintain
compatibility with much of the existing processes are inherently valuable.
Trends in both integrated circuit and flat-panel display manufacturing
technologies require improvements in small scale lithography. In these and
other fields, there is an increasing demand for a cost-effective
lithographic technique that can produce large fields (to approximately 45
cm diagonal For displays) of nanoscale structures. The semiconductor
industry road map calls for leading-edge manufacturing at 180 nm in the
year 2001 and 70nm in the year 2011.        One well known form of optical
lithography is the so-called herd contact Iithogretphy, where the mask is
moved directly into contact with the substrate targeted for patterning.
Features on a mask) comprising alternatively translucent and opaque regions
in a well-defined pattern, are printed into photo resist in a 1:1 relation
to their area on the 5 source. Hard contact lithography can) in principal,
make structures with sizes below the wavelength of illumination. But the
contact used to place the mask on the substrate compromises the integrity
of the process as the possibility of confounding material on the surface of
the mask and mask damage greatly limit (compared to projection lithography}
the useful number of prints it can form. Cost is particularly worrisome as
the feature scale 10 shrinks and the expense of mask fabrication skyrockets
with the increase in the density of its features. Contact masks are also
generally much more expensive than those used in optical projection
lithography since the critical dimensions in the former need to be smaller
than those in the latter, for equivalent resolution, by the reduction
factor used in a projection system. Dust particles and other physical
impediments to the substrate are 15 catastrophic in hard contact
lithography as they lift the mask away from the surface, blurring the
pattern Such defects appear over an area much larger than the obscuring
particle because the mask is unable to conform around their presence; this
problem is compounded as the feature scale shrinks such that wen a 200 nm
particles can be harmful. In addition, resist can get stuck to the mask.
Hard contact lithography has thus not found a 20 significant role in
manufacturing of small scale integrated circuits, 



There arc many approaches known) that improve conventional lithography
systems in that filters, projection lens) or appropriately modified masks
are employed. These approaches get more and more complicated and expensive
with reducing feature scale. One example hero is the so-called optical
projection Iithography The optical lithography based on 25 projection is
undoubtedly the most successful and widely employed means of making
features down to 200 nm. Here) a pattern of intensity variations in the far
field results When light is shown through a mask like that used in contact
lithography. The light propagates through air and is focused by a Lens to
form an image of the desired pattern on a resist covered substrate, often
demagnitied by a factor of 5-10 from its size on the mask. 30 Projection
lithography is largely limited to features sizes at, and larger than, the
wavelength .t of light, however. Its implementation becomes increasingly
difficult, in addition, as the      3  scale shrinks towards, and below,
200 nm, where very complicated systems of lenses and materials are required
to carry out existing and proposed schemes. The area over which uniform
illumination can be achieved is particularly problematic, The maximum
current field sizes in the bolt 248 tun exposure tools is now only -20 x 20
mm. The useful area of 5 exposure will continue to shrink dramatically with
the wavelength of illumination) principally because of the materials and
engineering challenges in forming uniform exposures through complex lenses
based on silicates. , It is then generally a disadvantage of most of these
approaches that they are getting morn and more complicated and expensive
when trying to obtain smaller feature sizes: 10 Furthermore; there is a
tradeoff between maximum resolution, depth of focus and achievable field
image which comes from the use of a lens to focus the light. The resolution
of standard photolithography systems can be increased and feature size
decreased by using masks that manipulate the phase (referred to as phase
masks, phase shifting masks or PSMs) instead of the amplitude of the light
used for exposure. Two 15 examples of phase shift-based approaches are
described by D:M. Tennant et al. in "Phase Gyrating Masks for Photonic
Integrated Circuits Fabricated by E-Bearn Writing and Dry Etching:
Challenges to Commercial Applications", Microelectronic Engineering, Vol.
27) 1995, pp. 427-434, and by J.A. Rogers et al. in "Using an elastomeric
phase mask for sub-100 nm photolithography in the optical near field",
Appl. Phys. Lett., No. 70; Vol_ 20, 20 19 May 1997, pp. 26S8-2660. Tennant
et al. propose the use of hard contact masks, whereas Rogers et al. favor
elastomeric masks LO (see Figure t) for the formation of high density
sub-wavelength features 17. In these methods the pattern on the mask
results in interference in the illumination arising in the near field from
contact between a photo resist 11 and the 25  structured mask 10. Light
passes everywhere through the mask 10 which is completely translucent but
has a pattern of surface reliefs 14 that vary in a well-defined manner.
Light traveling through such a structured mask 10 experiences a
comparatively Longer or shorter path depending on the place of its exit.
This change in the effective path length through the structured mask 10
contributes to phase (and only phase) differences in the propagating
4 light. These phase differences result in sub-wavelength nodes in
intensity of the exposing radiation at the surface of the resist 11. If
these masks 10 are designed and made appropriately, there are nodes at the
mask/resist interface 15 with a relative minimum in intensity. 5 Rogers et
al. showed chat using a phase approach with an elastomeric mask allowed
them 



to make sub-wavelength features 18 in a photo resist layer 11 while
avoiding the problems associated with brittle contact masks (like Tennant
et a1.)) as illustrated in Figure 1. These features 18 can then be
transferred into a substrate 16 by means of dry etching, or wet chemical
dissolution of the substrate, as is well known in the art. The features 17
formed in 10 the substrate have about the same lateral dimensions as the
features 18 formed in the photo resist 11. The problem with the
aforementioned approaches to lithography based on phase shifting of light
through a mask 10 is that) while small features 1'7 (sub-wavelength) can be
generated, these features 17 are constrained to a one dimensional geometry
(lines) or low density on the substrate 16. Further, the shape of the
structure 18 is resist is limited. In the 15 paper of Rogcrs ct al., the
authors show that the phase shift in the light intensity provides
structures 18 in resist 11 that are related to the derivative of the
topology in the phase mask 10, i.e. each wall in the pattcrn of surface
reliefs 14 in the phase mask 10 gives a relative minimum in the light
intensity at the surface 15 of the resist 11. The width of this node is
narrow but fixed so that only a very limited variation in the range of the
lateral sizes of 20 these features 18 and 17 is possible. Making dots,
squares or generally tilled structures of arbitrary shape is not obviously
possible in a single step by this technique. Moreover, in order for the
phase shift to be present at all, the height of the surface reliefs l4 in
the phase mask 10 must closely match the wavelength of the exposing light
13. This requirement of the phase shift approach 25 means chat the
structures in a phase mask 10 are constrained to becoming increasingly
anisotropic as their dimensions shrink) a significant problem in the
formation of such features in elastomeric materials. It is another problem
of these kind of approaches that there always are twin structures exposed
in the resist, because each 'leg' 14 of the phase mask l0 generates a pair
of nodes of low intensity at its edges.    r    5 The problem of mask
fabrication described above remains) of course, as well as the
susceptibility of the process to defects and damage. The use of an organic
polymer to form the mask allows their convenient formation by a variety of
techniques, perhaps most notably by replication of the mask from a master.
Many polymetic masks can be cast on a 5 single master with no evident wear
of the latter since the process exerts no, or very little stress,.on the
substrate. Replication of masks avoids some of the problems associated with
the costs of Chair use in contact lithographies for the formation of high
density, small structures the replica can be made so cheaply as to allow
its use only once prior to its disposal. Not all structures arc possible in
many of the most convenient polymers, such as 



10 the elastomeric poly(dimethylsiloxane) used by Rogers et al., for these
applications, however. The paper "Stability of Molded Polydimethylsiloxane
Microstructures" by Delamarche et al. (Advanced Materials 1997, 9, p 741 )
showed chat many features in ordinary elastomers collapse and tend toward
increasingly poor definition and their anisotropy increases and their
feature scale decreases) respectively. 15 There are proposals concerning
other approaches and schemes by meant of which the resolution of optical
lithography systems can be somewhat extended to smaller feature sizes An
example is given in an article by H. Fukuda et al_ with title "Can
synthetic aperture techniques be applied to optical lithography,?",
published in 1. Vac. Sci. Tcchnol. B, Microelcctron. Nanomcter Struct.
(USA), Vol. I4, No. 6, Nov. Dec. 1996, p. ' 20 4162-4166. This article
discusses the theoretical feasibility of applying optical aperture `-
synthesis to lithography. A technique involving the insertion of three
phase gratings into a conventional projection system is described. Whil
this approach paraxially yields imaging with doubled spatial bandwidth)
aberrations introduced by the gratings are shown to be a serious
limitation. Image simulations demonstrated that for very restricted pattern
types) 25 resolution down to 0.1 Nm is theoretically achievable. Using
expensive optics and existing laser sources and photoresists,
interferometric lithography can be extended to well beyond the horizons of
the current industry road maps, as described by Ch. Xiaolan et a1. in
"Multiple exposure interferometric lithography-a novel approach to
nanometcr structures", Conference Proceedings - Lasers and 30
Electro-Optics Society Annual Meeting l996) p. 390-391.      More exotic
schemes for sub-200 nm lithography are also being considered. X-ray,
extreme UV and projected beams of electrons are a11 now the object of
active research for manufacturing application. The problems with these
techniques range from the difficulties of mask fabrication, the
implementation of practical beam formation techniques, the need for novel
resist materials that allow a functional and sensitive use of the beam
intensity, practical problems in forming and stabilizing the beam and the
ever present limitations of cost and complexity. Thus, a need exists to
provide a new optical photolithography scheme that allows extension of the
use of optical lithography systems to feature sizes well below 350nm, and
in particluar to feature sizes in the range between ~,/2 and ~,/5, using
existing light sources.   7  SUMMARY OF THE INVENTION  According to an
aspect of the present invention, there is provided a light coupling
structure for use as mask for the exposure of a resist with exposing light,
comprising: protruding portions guiding the exposing light towards its end
for where the exposing light is coupled directly into the resist, the ends
having the lateral shape of structures to be exposed in the resist, and 



connecting portions which connect the protruding portions and block the
exposing light from exposing the resist in areas other than those exposed
through the protruding portions, the light coupling structure having a
re&active index relief, wherein the exposing light is guidable by internal
reflections towards the protruding portions. According to another aspect of
the present invention, there is provided a method for making a light
coupling structure for use as mask for the exposure of a resist which
comprises protruding portions with protruding ends the lateral shape of
which is similar to the lateral shape of a structure to be exposed in the
resist, and connecting portions which connect the protruding portions and
prevent exposing light from exposing the resist in areas other than those
exposed through the protruding ends, the light coupling structure having a
refractive index relief such that the exposing light is guided by internal
reflections towards the protruding ends of the light coupling portions,
comprising the steps: pouring a polymer on a master with the negative
relief of the protruding ends' lateral shape, curing the polymer on the
master to form a solid, elastomeric light coupling structure with a pattern
of protruding portions, and removing the solid, elastomeric light coupling
structure from the master. According to another aspect of the present
invention, there is provided a method for the formation of sub-wavelength
structures in a substrate, comprising the steps: forming a resist on the
substrate, positioning a light coupling structure on the resist, which
comprises protruding portions with protruding ends the lateral shape of
which is similar to the lateral shape of the sub-wavelength structures to
be formed, and connecting portions which connect the protruding portions
and prevent exposing light from exposing the resist in areas other than
those exposed through the protruding ends, the light coupling structure
having a refractive   8  index relief such that the exposing light is
guided by internal reflections towards the protruding ends of the light
coupling portions, the light coupling structure being positioned such that
a conformal contact between the protruding portions and the resist is
ensured, aligning the light coupling structure with respect to the
substrate, coupling exposing light into the light coupling structure such
that the exposing light is guided into the protruding portions and from
there coupled into the resist, removing the light coupling structure,
developing the resist to form a resist pattern, transferring the resist
pattern into the substrate by means of an etch process, and removing the
resist pattern. According to another aspect of the present invention, there
is provided a method for the manufacturing of a master which is to be used
for the formation of light coupling structures which comprise protruding
portions with protruding ends the lateral shape of which is similar to the
lateral shape of sub-wavelength structures to be formed, and connecting
portions which connect the protruding portions and prevent exposing light
from exposing a resist in areas other than those exposed through the
protruding ends, the light coupling structure having a re&active index
relief such that the exposing light is guided by internal reflections
towards the protruding ends of the light coupling portions, the method
comprising the steps: covering a substrate with a film, forming the resist
on the film, exposing the resist using an e-beam mask-writer tool thus
defining a negative relief of the protruding portions of the light coupling
structure to be formed, developing the resist to reveal the negative
relief, transferring the negative relief into the film by means of an etch
process which stops on the underlying substrate, and removing the resist
revealing the negative relief of the protruding portions.   



Embodiments of the present invention provide a parallel optical lithography
system(referred to as light coupling structure) based on sets of light
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elastomeric light coupling structures can be easily replicated from a
master copy, and each replica can be used many times. It is an advantage of
the present invention that compatibility with existing resist and
processing technologies is maintained. 5 It is a further advantage of the
present invention that one can make use of the huge amount of experience in
the design and handling of resists, because these resists arc continued to
be used. It is a further advantage, that multiple wavelengths can be used
without adjustment of the light coupling structure, since lenses are not
used. 10 ' It is another advantage of the present invention that the time
of exposure is shorter than in case of conventional masks because lens and
ocher means do not block, absorb or scatter the light unproductively. It is
further the advantage of the present invention that lithographic schemes
implemented by its use are simple. 15 



9 DESCRIPTION OF THE DRAWINGS  The invention is described in detail below
with reference to the following schematic drawings: 5 Fig. 1 is a schematic
illustration of the fabrication of nanometer-sized structures by the
phase-shift method of J.A. Rogers et al. (prior art). Fig. 2 is a schematic
illustration of the fabrication of nanometer-sized structures by the
inventive method. Fig. 3 is a schematic cross sectional view of the
inventive light coupling structure 10 situated on a resist. Fig. 4A is a
schematic illustration of the fabrication of nanometer-sized light coupling
structures) according to the present invention. Fig. 4B is a schematic top
view of a light coupling structure, according to the present invention. 15
Fig. 5A-$ are schematic cross sectional views of different light coupling
structures) _ _ according to the present invention. Fig. 5F is a schematic
cross sectional view of another light coupling structure) according to the
present invention. Fig. 6A is a representative top view of a master,
according to the present invention. 20 Fig. 6B is a representative top view
of a light coupling structure (replica), according to the present
invention. Fig. 6C is a representative top-view of an exposed resist)
according to the present invention_      Fig. 6D is a representative
4.5-view of the exposed resist, according to the present invention Fig. 7
is a representative top-view of an exposed resist, according to the present
invention. 5   



5 10 15 20 ZS DETAILED DESCRIPTION: In the present context the expression
light coupling structure or light coupler are used to describe a mask-like
object which can be placed between the light source which emits the
exposing light and the structure (e.g. a substrate covered by a resist
layer) to be patterned. The inventive scheme makes use of the interaction
at the boundaries (interfaces) of the light coupling structure. The
refractive index of the light coupling structure ideally has to match that
of the resist. For many of the existing materials the refractive index is
between 1.4 and 1.5. In addition to the fact that the refractive index of
the light coupling structure has to be appropriate, it has to be patterned
such that the exposing light enters the light coupler and then propagates
through the coupler, preferentially guided by internal reflections away
from the interfaces that define the boundaries of the tight coupler. That
is the light coupling structure serves as wave guide. The light remains
sufficiently confined to provide contrast in its intensity at the interface
between the light coupling structure and the resist to be patterned.
Conformity between the two ensures the highest possible level of coupling
and thus contrast by insuring a close index match at their interface and
thus suppressing unfavorable scattering of light. Please note that we
herein concentrate on reflections at the light coupler/air interface. When
used in an environment other than air (inert gas, liquids, etc.), other
materials with appropriate reflective index may have to be used to ensure
that the light is properly guided by means of internal reflections. A first
embodiment of the present invention is now described in connection with
Figures 2 and 3. In Figure 2,a schematic illustration of the fabrication of
nanometer-sized structures 27 by the inventive method is given. This Figure
is shown right next to the conventional approach to highlight the
fundamental differences of the two approaches. A schematic cross-sectional
view of a light coupling structure 20, situated on a resist 11 is shown in
Figure 3. This light coupling structure 20 has an upper surface 22 through
which exposing tight l3 is coupled into it. Furthermore, the light coupling
structure 20 has connecting    00- 3-14;11:46 ;e~IBM(~) ~$ AS-SPRUSON
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5 10 15 20 25 30 13  polychromatic (broadband) or incoherent with
wavelengths between at least 800 and 200 nm. Broadband light can be
generated by a mercury lamp, for example. Argon ion lasers) YAK lasers,
IKrF lasers, and many other kind of light sources can be used. The light
source may be a far field, unfocused source. The light emitted by the light
source can be coupled into the light coupling structure through any of the
interfaces such as the uppermost interface 22 in Figure 3. Likewise, the
light might be coupled into the light coupling structure by means of a wave
guide or fiber from the top or side) or at the output of an LLD or solid
state laser. The wavelength of the light source may be optimized for a
particular application. The light source may be pulsed, if deemed
appropriate. Additionally) the light can be scanned over the light coupling
structure or projceted~onto is in a pattern a's when a projection system
with an additional mask is used as the source The inventive scheme makes
use of the interaction ac the interfaces of the light coupling structure.
The interface to air has to be designed such that the light is guided by
means of internal reflection towards the light coupling portions
(protruding elements which arc in conformal contact with the resist to be
exposed. At the interface between the ends of the protruding elements and
the resist, the light has to be coupled right into the resist) i.e. the
providing elements have to be designed such that this coupling between
light coupling structure and resist is efficient. Practically, modulations
in the light intensity of a factor of two and even Less between areas on
the resist in and out of contact with the end of the light coupling
portions provide sufficient difference in existing resists to allow the
generation of useful structures in the developed resist following its
exposure. The coupling efficiency depends on the refractive index of both
the light coupling structure and the resist) on the wavelength (or
wavelength range if polychromatic light is used), and so forth. There are
different means how to optimize the coupling efficiency. The principal
requirement is that there be no refractive index discontinuity ac scales
much less than the wavelength between the light coupling portion 24 and the
resist 11. This situation is most readily accomplished by conformal contact
between the two, that is an intimate matching between the two surfaces.
Ideally) the index of both the light coupling structure and the resist are
as high as possible since this causes a decrease in the effective
wavelength of illumination used to carry out the lithography. Several
possibilities exist to achieve this     5 10 15 20 25 30 14  



conformity. First, if the substrate and mask are both brittle, hard
materials, then pressure can be applied to sandwich the two together, as in
normal hard contact lithography. Second, the resist 11 can be made somewhat
compliant by control over its composition and handling, allowing it to
accommodate the surface of the posts 24 of the light coupling structure
insuring an intimate contact. Third, a thin layer of index matching
material can be added to the posts like a viscous oiI or polymer that
serves to couple optically the posts 24 to the resist 11 in the case where
both are brittle, hard materials. The index matching material is understood
here to be complaint and must be localized to the posts to maintain the
overall refractive index contrast between adjacent structures in the light
coupling structure. Fourth, the blocking portions 20 and the light coupling
portions 24 of the light coupling structure can be made from a material
like an elastomer that provides the compIiancy on contact between it and
the resist. The portions 20 and 24 may be additionally deposited on a
substrate (not shown in Figure 2) that is at least partially translucent
and much harder to facilitate handling and bulk positioning of the light
coupling structure. . The resolution of the present approach is not
strictly proportional to the wavelength of the light source, as in
conventional photo Lithography systems. Due to the fact that the inventive
light coupling structure replaces the conventional mask) resolutions
between t12 and .Z/S can be obtained. If an i-line light source (with
~.=3b5nm) is employed, features of size down t0 73nm (=.US) can be made. It
is to be noted that the .i/5 limit is not a physical limit. From a
theoretical point of view even smaller features can be madc using the
inventive approach depending on its implementation. Conventionally
available photo resists can be used in connection with the present
invention. Generally suited arc photo resists based on cresols (Novalacs),
as are the resists on acrylates Or styrenes and their mixtures, for
example. Positive as well as negative tone resists can be employed. One may
also use amplified resists to improve the ratio (width/depth) the features
which arc provided after exposure and development of the resist. Also used
may be an optically guiding resist) such as the SU-8 negative tone resist
that itself displays differential light guiding effects on exposure.
Bilayer, trilayer and top-surface imaging resist schemes are all compatible
and well suited for use with the present light    00- 3-1 4; 11 :46 ;dal BM
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OE SZ OZ SI OT s      necessary conformity. Other materials based on all
carbon elastomers are also well suited to the application, as arc
combinations of these materials with silica or siloxane containing fillers.
Combinations of organic materials and inorganic materials into composite
structures can prove particularly advantageous where a given material type
is chosen to satisfy the 5 required physical properties of a specific
element of the light coupling structures, as discussed above. In general)
the material used for the formation of the light coupling structure has to
be such chat viable definition of features down to the size of the features
- which are to be formed lei a resist and the underlying semiconductor,
sine the present process is a true 1:1 process 10 possible. In other words,
if a pillar or ridge 27 of 90nm width is to be formed in a semiconductor
substrate 16 (see Figure 2),the width of the respective protruding element
24 of the light coupling structure 20 has to have a width of 90nm, too
(provided 'that a positive resist I I is used). A light coupling structure,
according to the present invention, can be made by curing a 15 polymer on a
master 41 with the negative of the desired light coupling structure's
surface. This results in an elastomeric solid 40 with a pattern of
protruding elements 42) .43) 44. The master 41 can be formed using electron
beam definition, for example. The time and money invested in the making of
a precise, high resolution master 41 is amortized by making many replicas
40) each capable of being used in the manufacturing of semiconductor
circuits, for _ 20 example. Each of the replicas can be used several times
and if made of elastomer does not tend to break, The light coupling
structure 40 has to be designed such that the protruding legs 42) 43, and
44 can be brought into conformal contact with the resist, because the whole
process relies on the efficient coupling of light from the light coupling
structure into the resist. 



25 The protruding elements of light coupling structures 40 can have almost
any shape and size, as schematically indicated in Figure 4B. In the present
example, the light coupling structure 40 has three protruding legs 42, 43,
and 44. The lateral cross section of the First leg 42 is a hollow rectangle
or square. Leg 43 is a ridge, whereas leg 44 has a circular lateral cross
section. These three examples show how flexible the present approach is.
5 10 15 20 25 DESCRIPTION OF A PREFERRED EMBODIMENT. A preferred embodiment
is described in the following. Master formation: A silicon wafer is covered
with a 100 nm thick layer of plasma deposited silica in a homogeneous film.
Polymcthylmethacrylate polymer (980K), dissolved in clorobenzene to 15!o
solids, is spun on the wafer to form a 100 nm thick film of this resist on
the substrate. The resist is selectively altered by its patterned exposure
to a current of 100 KeV electrons using an e-beam mask-writer tool.
Differential dissolution of the resist in acetone after exposure reveals a
pattern of features in a periodic array with sizes down to 100 Nm on the
substrate. This pattern is transferred into the silica layer on the
substrate using a fluorine based reactive ion etching (RIE) chemistry that
has an excellerit selectively towards silicon. The RIE process stops when
the underlying silicon layer is reached thus insuring a uniform development
of features in the silica layer with squared bottoms formed at the
interface with silicon. Later this fact will help to insure the excellent
definition of structures 24 in the light coupling part of the light
coupling structure. The substrate is ached in an oxygen plasma to remove
residual organics and then 10 nm of a fluorinated polymer is deposited by a
plasma assisted process all over the substrate co provide is with a low
surface free energy coating ( 15 tnN/Im). This layer is essential to allow
release of cured formed replica in the subsequent processing steps. Light
corspling structure preparation by its replication frorn a master: A
mixture of 6.Sg vinylmethyl siloxane-dimethyl siloxane copolymer (- 1000
cSt, VDT 731 Gelest, Karlstuhe, Germany) and - Z g
methythydrosiloxane-dimethylsiloxatte copolymer (30 cSt, HMS 301, Gelest)
and - 450 mg of fused silica particles (~ 20 nm in size) Gelest) is
prepared with ~ 5 ppm of platinum catalyst. This mixture is poured directly
onto the aforementioned master and cured in an oven at 60 for 24 h. The
replica is released by peeling it by hand from the master. The replica has
a surface energy of 23 mN/m, a strength of 10 Mpa and a hardness which is
about 39'0 of that of glass . All of the features present on the master are
faithfully reproduced in its replica according to the procedure above as
determined by scanning electron microscopy (SEM), where a depression on the
master is now a raised structure on the surface of the replica. A gold
layer, 5 nm thick, is evaporated     5 10 15 20 25 18  on top of the
structures side of the replica. The replica so treated is then placed in
contact 



with a silicon wafer having a layer of 1 nm of titanium followed by a layer
of 30 nm of gold freshly evaporated on its surface; the gold on this
surface is then treated by its exposure to the vapors of a 1,10
decancdithiol (Aldrich) for 5 minutes. After contact and release occurs
between the surface of the replica and the treated gold surface of the
silicon wafer) gold is selectively removed from the tops of the protruding
surfaces of the replica, left behind on the treated gold surface of the
silicon wafer by the adhesive contact between the two mediated' by the
presence of thiol terminated organic molecules at their interface. Use of
the light coupling structure: A 600 nm thick layer of Shipley 6612
(novalac) photo resist is spun coat on the surface of a silicon wafer
previously treated with hexamethyldisilazide acting as an adhesion promoter
for the resist. A 20 minute bake of the substrate is carried out at 90 .
The light coupling structure described above is placed by hand on top of
the photo resist covered substrate where gravity and interfacial forees
between the two maintains their intimate conformal contact. Pulses from a
KrF laser, (200, each 20 ns and 300 mJ) are used to expose the resist,
which is then developed in a Shipley 400K according to the instructions of
the manufacturer_ Figures 6A-6D give representative views of the master,
light coupling structure and structures that were formed over a field 1 x 1
cm (the size of the master) in the photo resist layer after the above
described procedure was applied. ' Because the light coupling structures
are typically transparent) check-and-correct schemes of alignment become
possible. The light coupling structures' position can be iteratively
manipulated on the photo resist until a final positional placement is
satisfied prior to the exposure. This type of alignment is not obviously
possible with the currently used optical projection techniques that must
rely instead on absolute knowledge of the substrate's location to achieve
overlay accuracy. It is another advantage of the inventive approach that
the topology of the substrate need not be strictly planar, The light
coupling structures allow some accommodation of surface roughness. The
light coupling structures may be augmented as illustrated in pigures 5A-SE.
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modes of the light because otherwise they would not get interference
effects and thus phase shifts. It is also to be mentioned that prior to the
inventors' work it was not possible to make masks suited for the use as
light coupling structure) according to the present invention. As can be
seen when comparing Figures 1 and 2, the protruding portions 24 of mask 20
hate to have the lateral shape and size of the features 27 to be formed in
the substrate 16. Ie. the protruding portions 24 have to be much smaller
than the protruding portions 14 of mask 10.    ~ISIS~J a4~ oy alqi;~dnoa
~Cpuaray;a s~ ~4$y $ysodxa aqr reqr yns paqoretu xapm aJu SuOrUOd duipNlO~d
au~ ur3Jaqnn `~ i.uie~o Jo alnraN~S $urldnoa tq~~~ at~,r, 'g ',rowyod a sr
~atuo~se~a ar~i u~aJa4nn '~ turep )o a~n~onys ~ur~dnoo y~y atp 'S
Jauro~sE~a u~ ~ursuduroo ~ urrep;o arnmruls $ur~dnoa rygi~ a4y y '~u L pue
ruu ppZ uaa~,naaq uo~suautrp ~elam~ ~ seq SUOI>_rod $urpruroJd ay;o auo
vsea~ ~p3o adsqs jeJarBr aq~ poraynn `1 mrep;o a~ntarta~s $uydnoa ~ygy ayy
' 



'7t~di[ du~SOdxa ayr ,~o (~) q)$UOI3AeM ayr;o (S/ Y) y1;3 a puE (Z/ Y) ,1e4
auo uoanaq uorsuawrp ~eJa~ej a sey suoruod 8urpru~oid oui;o auo rsea~ m;o
adeqs pam~ aq~ utasaunn pue `tuu ppg pue wu ps ~ uaann~aq (Y) q~$ua~oneM t3
si,y iq$r~ $utsodxa ay uiaJaqm 'I unt;~a,~o a~amrWS $urldnoa ~y$r~ aul. 'Z
' suorvod ~urprulord au~ spseMOi suonaauar IeuJarut ~Cq ojq~eprn$ sr ~q$tr
8u~sodxa aql u~aiar~w ';otlar xapur anpEi,~al a $uinet~ aJnmrms $urldnoa
rtl3rj aq1 ~suo~uod $urpru~o~d oq~ t~8no~cia~ pasodxa asoq~ uet~1 Jay~o
seo~z m rsrsoi aqi $ursodxa uro,r; rq~r~ $ursodxa aqr ~~olq pue suotuod
$yprmold au> >oauuoa qa~r~~n 'suoruod $unoouuoo pue ~'7sisar aq~ u~ pasodxa
aq o~ sasn~anJ~s;o adeqs re.rarE~ aq~ 3utn~r~ spun a4~ jsrsaJ atn our
~tyoarrp pa~dnoo si 1q$i~ $ursodxa aq~ aiot~nn wo,t; pua s1t spreMOZ ~q$rj
$ursodxo aq~ $u~ptn$ suotuod $urpnj~osd ~ursudtuoa r~y$y $ursodxa qym
~scsar ~;o aJnsodxa aq~ Jo; xsi'w ss asn .to; aJmaruls ~urjdnoo ~q$t~ d ' t
SY~II'd'I~ ZOOZ ~dW ~r ~ -zz   - 23   7. The light coupling structure of
claim 6 comprising the resist wherein the index match is achievable by
reducing the step in the refractive index between the protruding portion
and the resist. 8. The light coupling structure of claim 6 comprising the
resist , wherein the index match is achievable by providing a thin layer of
index matching material between the protruding portion and the resist which
reduces the step in the refractive index between the protruding portion and
the resist. 9. The light coupling structure of claim 6 comprising the
resist, wherein the index match is achievable by providing a thin layer of
a viscous oil or polymer between the protruding portion and the resist
which reduces the step in the refractive index between the protruding
portion and the resist. 10. The light coupling structure of claim 1
comprising the resist wherein the protruding portions are designed such
that no refractive index discontinuity occurs. 1 1. The light coupling
structure of claim L comprising the resist, wherein there is a conformal
contact between the protruding portions and the resist. 12. The light
coupling structure of claim 1 being usable with a negative or positive cone
resist. l:l. The light coupling structure of claim 1 comprising alignment
marks for alignment with respect to the resist, 14. The light coupling
structure of claim 1 comprising the resist, wherein the surface energy of
the protruding portions is low so that its contact with the resist is
reversible and does not leave materials behind on the resist and visa
versa.   



- 24 -  15. The light coupling structure of claim 5, whereein the polymer
is siloxane made by addition of low molecular weight silane containing
crosslinkers. 16. The light coupling structure of claim 4, wherein the
elastomer is a carbon elastomer. 17. The light coupling structure of claim
1, wherein the connecting portions comprise means to improve the blocking
of the exposing light. 18. The light coupling structure of claim 17,
wherein certain interfaces of the connecting portions are covered by a
layer increasing the reflection of the exposing light . 19. The light
coupling structure of claim 17) wherein a thin metal layer is formed on
certain interfaces of the connecting portions to increase the reflection of
the exposing light) 20. The light coupling structure of claim 17, wherein
the connecting portions comprise Bragg-gratings to increase the reflection
of the exposing light. 21. The light coupling structure of claim 17,
wherein the connecting portions also serve as light guides which guide the
exposing light by means of internal reflections into the protruding
portions. 22. The light coupling structure of claim 1, wherein side walls
of the protruding portions arc covered by a layer increasing the internal
reflections.    23. Method for making a light coupling structure for use as
mask for the exposure of a resist which comprises protruding portions -
with protruding ends the Lateral shape of which is similar to the lateral
shape of a structure to be exposed in the resist, and connecting portions ~
which connect the protuding portions ~ and prevent exposing light from
exposing the resist in areas other than those Exposed through the providing
ends, the light coupling structure having a refractive index relief such
that the exposing light is guided by internal reflections towards the
protruding ends of the light coupling portions, comprising the steps:
pouring a polymer on a master with the negative relief of the protruding
ends' lateral shape) curing the polymer on the master tp Form a solid,
elastomeric light coupling structure with a pattern of protruding portions
removing the solid, clastomeric light coupling structure from the master.
24. The method of claim 23, wherein the polymer is siloxane made by
addition of low molecular weight silane containing crosslinkers. 2S. The
method of claim 23, wherein the polymer is a carbon elastomer. 2G. The
method of claim 23, wherein a layer is Formed on the light coupling
structure after having been removed from the master this layer is patterned
so as to cover cetaininterfaces of the connection portions to improve the
reflection of the exposing light. 



27. The method of claim 26, wherein the layer is a metal layer.   - 26 -
28. The method of claim 26) wherein the layer is selectively removed from
the tight coupling structure by its contact with another substrate chat
causes the material to adhere there. 29. The method of claim 26, wherein
the other substrate is a soft polymer. 30_ The method of claim 29) wherein
the other substrate has a surface chemistry that promotes the adhesion of
the layer by the formation of ionic or covalent bonds. 31. The method of
claim 23, wherein the step of cueing is carried out in an oven for several
hours. 32. Method for the formation of sub-wavelength structures in a
substrates comprising the steps: forming a resist on the substrate
positioning a light coupling structure on the resist which comprises
protruding portions with protruding ends the lateral shape of which is
similar to the lateral shape of the sub-wavelength structures to be formed)
and connecting portions which connect the protruding portions ~ and prevent
exposing light from exposing the resist in areas other than those exposed
through the protruding ends) the light coupling structure having a
refractive index relief such that the exposing light is guided by internal
reflections towards the protruding ends of the light coupling portions) the
light coupling structure being positioned such that a conformal contact
betwwen the protruding portions and the resist is ensured) aligning the
light coupling structure with respect to the substrate, coupling exposing
light into the light coupling structure such that the exposing light is
guided into the providing portions and from there coupled into the resist,
-27 removing the light coupling structure developing the resist to form a
resist pattern transferring the resist pattern into the substrate  by means
of an etch process, removing the resist pattern. 33. The method of claim
32) wherein the resist is negative or positive tone resist. 34. The method
of claim 32, wherein the light coupling structure , is held in place by
means of gravity and interfacial forces only. 35. The method of claim 32)
wherein the etch process is a dry etch process. 3G. The method of claim 35,
wherein the dry etch process is optimized to ensure a precise transfer of
the resist pattern into the substrate) 37. Method for the manufacturing of
a master which is to be used for the formation of light coupling structures
which comprise protruding portions 



with protruding ends the lateral shape of which is similar to the lateral
shape of sub-wavelength structures to be formed, and connecting portions
which connect the protruding portions and prevent exposing light from
exposing a resist in areas other than those exposed through the protruding
ends, the light coupling structure having a refractive index relief such
that the exposing light is guided by internal reflections towards the
protruding ends of the light coupling portions, the method comprising the
steps: covering a substrate with a film) Forming the resist on the film)
exposing the resist using an e-beam mask-writer tool thus defining a
negative relief of the protruding portions of the light coupling structure
to be formed)     developing the resist to reveal the negative relief)
transferring the negative relief into the film by means of an etch process
which stops on the underlying substrate, removing the resist revealing the
negative relief of the protruding portions, 38. The method of claim 37,
wherein a low surface free energy coating is applied to the negative relief
of the protruding portions, 39. The method of claim 37, wherein the
substrate is a silicon substrate. 40. The method of claim 37, wherein the
film is a silica film. 41. The method of claim 37) wherein a polymer is
used as resist, 42. The method of claim 37, wherein electrons of about 100
KeV are used for e-beam lithography. 43. The method of claim 37) wherein
the etch process is a reactive ion etch process. 44. The method of clam 37,
wherein the master is ashed in an oxygen plasma to remove residual
organics. .AYa _.Ae.Al%.AlSL.A33_.A3n,,.A
[.A[.A3.AY@L.Au9.AFS_.AY9.A&.AF,L.AF,L.A&.AFS?.AYL.Al,L.A.A&y.AF9.A
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