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Introduction

Advances in lithographic technologies have always been enabled by important advances in patterning materials.  With the dynamic nature of the current environment in lithography, novel chemistry and functional macromolecular materials remain areas of continuing focus.  This chapter attempts to highlight several critical issues and discusses potential pathways for future materials.  
The current lithography environment is focused on extending water immersion lithography through creative materials and processes.  The question of ‘what comes next?’ has a variety of leading candidates, all of which have difficult technical hurdles to overcome.  Research in new materials for future patterning can appear to be scattered, due to the myriad lithography options that are contemplated.  High NA immersion with high index materials (glass, fluids and resists) is one contender for ‘beyond water immersion’.  Concerns exist with timing, manufacturability of the LuAG optical materials, extensibility of the high index immersion tooling beyond one node, and the significant materials challenges in fluids and resists.  The potential of EUV lithography has encouraged much resist research and much recent progress.  Core issues with low power sources requiring high speed resists, optical damage by outgassing, and exposure tooling complexity remain.  Newer lithographic technologies have emerged with much promise. For example, step-and-flash nanoimprint lithography (NIL) is a topic of significant interest.  
Substantial research activities in new materials for patterning, thus, extend beyond 193nm materials for water immersion lithography.  It is important to note that, due to the success and extensibility of 193nm lithography through water immersion, these future technologies, if used in manufacturing, will have to be implemented at unprecedented dimensions.  The most likely insertion window would be in the sub- 32nm half-pitch patterning regime.  The twin challenges of new technology (equipment and materials) coupled with the remarkably aggressive entry point have important implications.  
Extending Immersion Lithography through New Materials
Water immersion provides a tremendous boost to the extensibility of 193nm lithography, allowing the numerical aperture of the optics to substantially exceed unity.  The interaction of water with 193nm photoresists also provides a new set of mechanisms for immersion-specific defectivity [1].  Initial immersion resist processes use functional fluoropolymer topcoats for tool protection from resist component leaching and for defect reduction [2].  The topcoat provides barrier properties to a substantial extent.  Water is still able to penetrate into the resist, but the amount of extracted photoacid generator is greatly reduced.  Recent attention has focused on two areas: the need for improved surfaces for immersion lithography [3] and simplified processes involving topcoat-free resists.  Potential pathways to accomplish both improved surfaces and simplified processes are under consideration, which involve the development of a class of surface active resist additives that provide controlled hydrophobicity to 193nm resist surfaces [4].  
The maximum achievable NA with water as the immersion fluid is approximately 1.35.  One method for extending the immersion lithography is through the introduction of high index materials.  However, a major development in high index material is required, otherwise the NA will plateau near 1.35.  Dual exposures techniques, such as double patterning (DP) and double exposure (DE), have been proposed as other possible methods for sub 32 nm half-pitch patterning, using the existing infrastructure.  DP is a process-intensive method that requires innovation in resist material selection and the optimization of resist processing (multiple coat, development and etch steps).  Potentially, DE single development lithography will have lower cost of ownership than DP, but potential DE materials that are suitable for 193nn lithography remain unknown.  
High Index Materials:  This involves a multidisciplinary effort to develop new lens materials, high index fluids and resists.  Much progress has been made on optical materials and a high index glass called LuAG, which appears to be a promising candidate [5].  Several cycloalkanes have also shown promise as ‘Generation 2’ fluids, with an index of ca. 1.64 at 193nm and acceptable transparency [6].   Resists with refractive indices (RI) above 1.85 have remained elusive.  Much early excitement was generated through the rational incorporation of sulfur into acrylic resist polymers, as a method to build high index into familiar polymer backbones [7].  Two additional properties that must be maintained are the resist’s optical density and imaging performance.  Getting all three (transparency, high refractive index, imaging performance) with one material is a significant challenge that thus far has yet to be achieved.  The sulfur-substituted polymers have very high optical absorbance.  Recently, two other approaches [8-9] have been investigated to increase RI of the resist:  the first approach is to increase the rigidity of the sulfur containing polymer and the other approach is to add a high RI nanocomoposite to the resist.  However the latter approach raises several concerns, eg., defectivity, LER, and dissolution rate.  Clearly extensive research and some breakthrough in chemistry is necessary to achieve the target of high index fluids and resists that are suitable for third generation immersion lithography.  
Double Exposure Materials:  DE single development technology requires new materials with properties that allow nonlinear combination of the two aerial images obtained from the individual exposures.  Contrast enhancement layers (CELs), absorbance masking layers (AMLs), two photon materials and optical threshold materials were chosen for initial feasibility studies because these materials provide a reasonable window for chemistry manipulations.  Preliminary simulation study suggests [10] optical threshold layers to be the most potential candidate, followed by two photon PAGs and reversible CELs.  However, DE materials have yet to be demonstrated experimentally, and the possible chemistries for some of these materials require extensive investigation and major breakthroughs.  
Materials for Beyond Immersion Lithography 
A leading candidate to extend lithography beyond the 193nm wavelength is EUV lithography.  However, the profound advantage of a short (ca. 13nm) wavelength also provides extreme engineering disadvantages.  Possibly the most significant problem is rooted in the relatively low output of current EUV sources and the resulting requirement that resists for this wavelength need to be fast (highly sensitive) to maintain throughput.  As the lithographic half pitch at implementation would be below 40 nm, the speed/resolution tradeoff is difficult, made more so by the LER requirements.  This ‘triangular’ relationship (speed/resolution/LER) was treated recently by Gallatin [11], which highights the challenges of satisfying and integrating interdependent material design attributes within one resist material.  Today’s leading edge resists use photoacid generations to catalytically accelerate the resist’s speed. However, at the diffusion length scale of the acid, this chemical amplification process induces some image blur and appears to limit the resolution of these resists.  Much research is required to break through this problem, but more intense EUV sources would be a significant achievement and would substantially lower the risk of EUV implementation.  
Molecular Glass Resists:  A recent focus on molecular glass (MG) resists (defined as non-polymeric, monomolecular macromolecules) has been directed toward understanding the role of polymer architecture on LER.  Research on molecular glasses holds much promise, not only for EUV but for all lithography beyond 40nm half pitch.  The concept of molecular glasses was introduced to electron beam lithography in 1996 [12]. The main drawback of this early resist design was its low sensitivity. In 2004, a phenylbenzene resist system was reported, which exhibited a high Tg and high sensitivity (< 5μC) that was achieved through a chemically amplified mechanism [13]. This was the first report of 100 nm resolution achieved by a MG resist system.  A novel positive tone photoresist was reported in 1998, which used t-BOC protected calix[4]resorcinarene as a dissolution inhibitor [14]. The main advantages of this system were the facile, high yield synthesis, high Tg due to ring architecture, and the large number of hydroxyl functions in the system.  A negative tone system, based on calix[4]resorcinarene, was also demonstrated with the aid of a crosslinker [15]. Only micron sized features were obtained through 365 nm exposure, using both positive and negative tone systems.

Since then, several efforts have succeeded in producing MG photoresists with sub 50nm capabilities [16]. The first report on sub 50nm features obtained by a MG resist using standard processing conditions used a calix[4]resorcinarene derivative, which produced 30 nm line space patterns under EUV conditions. . The early phenyl benzene architecture eveolved to include hexaphenyl benzene, fully protected with t-BOC, which exhibited promise as for use in  an all dry processing technique using supercritical CO2 as developer. Furthermore, commercially available phenolic compounds, such as alpha,alpha,alpha'-Tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene and 5,5’,6,6’- Tetrahydroxy-3,3,3’,3’-tetramethyl-1,1’-spirobisindane were found to be able to pattern sub100 nm line patterns with electron beam lithography, for both negative and positive tone systems [17].  In order to obtain higher resolution, phenolic MG cores with increasing Tgs (Tgs from 80°C-129°C) were synthesized.  These phenolic MGs demonstrated sub 50nm feature sizes upon EUV exposure [18].

The early success achieved with commercially available MGs indicated the potential of these phenolic compounds as candidates for EUV lithography. Since then, several derivatives with larger molecular sizes and higher Tgs have been commercially synthesized.  Sub 30nm feature sizes have been demonstrated with both positive (using ethoxy ethyl protecting group) and negative tone (intermolecular lactone forming reaction) systems, with Tgs greater than 100°C [19].  It was also reported that controlling the distribution of the protecting groups in these phenolic molecular resists has a significant improvement on LER and sensitivity.  More recently , a derivative of calixresorcinarene molecular glass resist was investigated by.  Sub 30 nm features have been resolved upon exposure to EVU radiation.  The LWR of both 50 nm and 28 nm L/S patterns were 5.1 and 6.1 nm [21].  
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Theoretical studies of molecular resists also appear to support the concept of molecular glass resist architectures.  It has been shown that line edge roughness decreases with reduced molecular weight of the photoresist, both for classical and chemically amplified photoresists.  The radius of gyration (RG) of a photoresist polymer has also been directly correlated to LER [22].  A smaller RG can, therefore, consistently yield a smaller LER. Recent work demonstrates that, compared to a polymeric system, a molecular glass resist will consistently have lower LER, due to its the distribution of free volume in small packets that inhibits acid diffusion [22].  This theoretical work has led to the introduction of a new class of molecular glass resists, based on polycarbocycles initially synthesized for etch resistance purposes [23].

Though most MGs have been developed for EUV lithography, some significant contributions towards molecular glass resist designs for e- beam and 193nm lithography are also noteworthy. One of the earliest reports was based on the cyclodextrin ring structure [24]. Due to its aliphatic nature, cyclodextrin is transparent at a wavelength of 193nm and exhibits a high Tg, due to its ring structure. However, 100 nm resolution was obtained using e-beam lithography. Several branched structures using adamantane and cholic acid derivatives have been developed for e- beam and 193nm lithography [25]. It was shown that Tg could be increased with a combination of rigid core materials, bulky substituents, and molecular size.  But obtaining high contrast for sub 100nm resolution remains a challenge.  Recent reports indicate that chemically amplified negative tone molecular resist systems are being designed exclusively for e -beam lithography as well [26]. Recent work describes a new POSS based molecular system [27]. Though improved LER (compared to commercial resists) was observed, raising the Tg of this system above 80°C has been the main challenge. This is the first demonstration of sub 30nm resolution by a molecular resist, using 193 immersion lithography.  Even though MG resists have the advantage of small size and uniform structure, acid diffusion still remains the main cause for limiting resolution and LER.  But the reduction in acid diffusion length can have adverse effects on resist sensitivity, which is another requirement for NGL resists.  Hence, potentially promising strategy is  to design a single component or pixelated resist material with reduced acid diffusion lengths and increased resist sensitivity..  
Single component/pixelated resist materials:  Single components resists were designed as early as 1992 and have re-surfaced recently as one of the potential material for NGL.  It opens up a strategy for developing new chemically amplified resist systems for post optical lithography, where the acid generation mechanism differs from optical lithography.  In addition, a single component resist is expected to overcome the inhomogenity issue within in the resist.  Various single component resists developed have relied on covalent bonding of acid generators into polymers.  A single component resist based on dehalogenation of a polymer was developed and investigated for e-beam lithography [28].  This resist shows reasonable resist sensitivity (25 (Ccm-2) and resolved 50 nm isolated lines.  Preliminary investigation shows the control of acid diffusion is difficult without base quenchers.  Comparisons between the e-beam lithographic performance of PAG bonded resist as well as PAG blended resist [29] have been reported.  LER of 3.5 nm for 75 nm L/S and resolution of 55 nm line and 25 nm spaces were achieved with PAG bonded resist.  A natural extension to single component resist is the development of MG resist with a PAG group attached [30].  This material showed excellent sensitivity (4mJcm-2), and LER (3.96nm for 50 nm lines) during EUV exposure.  It was also seen that increasing PEB did not improve sensitivity as expected with PAG blended resist systems.  This system also showed improved etch resistance, compared to t-BOC PHOST, due to the presence of metal atoms, such as antimony.  The modification of the sulfonium core with t-BOC protected phenyl groups has also helped to lower the outgassing, relative to unsubstituted triphenylsulfonium salts.  Though very low LER values were obtained, PAG diffusion induced changes in feature sizes are still significant in this system. For example, the nominal 80 nm line spacing has line widths of 50 nm and space widths of 110 nm.
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Meagley and coworkers proposed a different strategy to improve resist inhomogenity performance [31].  These materials are called pixelated resist materials.  This approach endeavored to combine structural disintegration, catalyst preorganization, as well as polarity change as an integrated contrast mechanism. It is analogous to the unzipping of an enzyme, when exposed to the appropriate molecule. The chemistry involves a scissionable pixilated resist architecture, based on bile acids bound by acid-sensitive tertiary ester linkages in to dendrimeric arrays.  Preliminary e-beam studies shows submicron features for these materials.  These materials were tested for outgassing at EUV wavelength and were found to be within the required specification.   Initial results demonstrate the concept, but the benefits of pixilated resist on resolution and LER have yet to be proven.  The single component chemically amplified resist approaches and materials shown above demonstrate the potential of novel designs, but require further improvements to warrant consideration as a potential solution for robust manufacturing. 
Resists that undergo chain scission or photo-induced solubility changes have a greater potential to suppress the line edge roughness because of the absence of catalytic mobility.  These materials [non-chemically amplified resist (non-CAR)] show improved line edge roughness.  However, such materials, based on this chain scission process, also show higher resist outgassing.  In addition, these materials require higher exposure energy to resolve sub micron images.  Ideally, single component molecular glass resists that undergo photon induced chain scission or chemical changes should be potential materials for NGL.  Molecular glass resist, containing cleavable and cross-linkable functional group for e-beam lithography, have been reported [32].   These resist resolved 150 nm and 70 nm lines upon exposure to e-beam radiation.  The resist sensitivities for these materials were in the range of 3 and 3.5 mC cm-2.  Recently, a single component molecular glass resist based on DNQ chemistry has been reported[33].   Exposure to electron-beam radiation, followed by flood exposure to 366 nm, resulted in negative tone images as small as 60 nm.  However, the energy required to resolve 60 nm lines is approximately 600 μC cm-2.  For these non-CARs molecular resists to be useful in high volume manufacturing, they must overcome the resist sensitivity as well as outgassing challenges.   Non-CAR molecular glass resists, which combine the non-diffusive process and the benefit of molecular glasses, represents a significant potential option for overcoming the low resolution limits of chemically amplified resist.  The patterning of surface attached polymer monolayers (polymer brush) [34] is another potential approach for obtaining high resolution features.  
Polymer brushes:  A combination of various patterning techniques (contact printing, scanning probe microscopy, photon or high energy radiation), self-assembled monolayer of initiators (SAM), and surface-initiated polymerization (SIP) allows superior control of pattern formation at various length scales, from the several hundred micrometer through nanometer scale [34].  In one approach, the combination of e-beam, SAM and SIP of styrene results 200 nm and 70 nm lines of patterned polystyrene brushes. In another approach, a combination of EUV-IL, SAM and SIP of styrene results in 50 nm patterns of polystyrene brushes [35].  SIP reduces defects present in all SAM systems, as well as topographical variation of the substrate, by employing a significantly thicker layer of a flexible polymer brush [36].  The final resulting structures obtained from a combination of patterning techniques/SAM/SIP display a better contrast between the functionalized and unfunctionalized areas, in terms of their chemical and physical properties, eg., interfacial roughness, wetting behavior, thermal stability, etch resistance.  The wide variety of recently developed patterning techniques/SAM/SIP systems enable the formation of sub micron and nanometer scale features with different surface structures and material contrast.  However, several areas need further understanding or improvements, including flexibility in chemistry, process compatibility, fidelity, pattern roughness, and defects.  
Imprint Lithography Materials:  Step and Flash Imprint lithography is a relatively new contender for patterning technology insertion beyond 193nm immersion.  Research and development efforts have provided a potential pathway for high performance lithography for CMOS applications. This is currently being used to create semiconductor test devices for storage class memory, a low cost, ultrahigh density, non-volatile memory that could one day replace hard disk drives in enterprise storage systems [38]. New imprint resist material designs also are under consideration, with some emphasis on permanent resists (back end low-k) based on PSS crosslinkers [39] and low viscosity, high cure rate resists based on cationic polymerization of vinyl ethers [40].  Particular attention in these studies is focused on mechano-chemical properties of the resist during cure and the influence of chemistry on release.  This is a relatively new area, with significant potential that warrants additional research consideration.
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