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ABSTRACT

We have synthesized a new resist molecule and investigated its high-resolutibifitgap he material showed resolved
line-spaces with 14 nm half-pitch (hp) and the potential to pattern IHprieatures. Line edge roughness values as low
as 3.15 nm were seen in optimized formulations. The ttesize is estimated at around 20-30 mJicfine role of the
molecule in the patterning process was studied by comparing it wiittstlly similar compounds. Furthermore we
present first results from exposures of our materials at the Berkeley Efpasure Tool. Finally it is also demonstrated
that the material works as a resist in 100 kV electron beam lithography as well.
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1. INTRODUCTION

With the aim of the semiconductor industry to continue steady progmesievice shrinkage, new lithographic
technologies have become necessary to maintain this trend. According Itdetimational Technology Roadmap of
Semiconductors (ITRS) EUV lithography (EUVL) is one of the leading candidatesptace current manufacturing
processes. However, unresolved issues still remainch as low available source power. The move to a much shorter
wavelength for patterning has also made the development of new photpla&$istns necessary, a challenging task in
itself.

While significant research has been undertaken, to date no suitable resist lggsidhsrmeets all the requirements as
laid out in the ITRS for 2017 [1], when EUV lithography is schedtdelge introduced into high volume manufacture. In
addition to fulfilling the 2017 target, new material platforms should aksee the potential to meet the outlined
specifications beyond that year, to ensure a useful lifespan for nexatieméithography.

We are currently developing a molecular resist platform for EUV application. Privieashave shown the use of
fullerenes as a promising resist candidate for EUVL [2]. From thi&k we have synthesized a new molecule that does
not require the use of fullerenes while maintaining most of its advantagess good photo speed, low LER and high-
resolution patterning. Here we report on the structure and the photolithagppperties of the new molecular variant
and our work to elucidate its role in the patterning mechanism.

2. EXPERIMENTAL

The resist samples were prepared by dissolving the individual comgdneethyl lactate. They were then combined in
various weight ratios and concentrations. The resist was spun ontop@efary carbon underlayer that we have
developed consisting of a mixture in equal partsadfillerene derivative and an epoxy crosslinker. Prior to the
application of the underlayer the silicon substrates were cléarethree-step process: 10 min immersion in isopropyl
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alcohol (IPA) in an ultrasonic bathO min immersion in piranha solution (1:2%:H>0,) and finally 2 min dip il
weak aqueous solution of hydrofluoric acid (0.1-1%).

After spin coating of the resist the samples received a post application bak&\Akxposures were performed using
the XIL-II interference lithography tool at the Paul Scherrer Institutetz8réand [3], except for the results in section
3.3, which were performed at the Micro Exposure Tool (MET) atHwrence Berkeley Nation Laboratory, USA .[4]
The 100kV electron beam patterning results were obtained on a JBXOB300FS e-beam writer at the University of
Leeds. After exposure the samples received a post exposure bake anéwetpead in n-butyl acetate for 60 seconds
followed by an IPA rinse.

Exposed samples were analyzed with a scanning electron microscope (SEBMylown view. Critical dimension (CD)
and LER were calculated from the SEM images with the commercial softaekage SUMMIT. As the XIL tool does
not allow direct measurement of the dose at the wafer, the uneposms measured with respect to an internal PSI
reference resist calibrated against exposures of the same resist at the Intel [MEGr [features smaller than the
capability of the calibration resist, dose was estimated from higher pitch sizes.

3. RESULTS

In the course of our work on molecular fullerene resists for EUVL watesba new resist molecule that enables sub-16
nm patterning, herein referred to as xMihe synthetic route is simildo that previously described for the fullerene
resist [6] but the addition of the fullerene material is omitted during the roces

3.1 “xMT?” resist

A range of analytical methods were used to determine the structure ehdlecule, including mass spectroscopy,
nuclear magnetic resonanspectroscopy and crystallography methods. With these methods wealereo narrow

down the structure to three possible configurations as shown i figwith the first structure shown being the most
likely. Utilizing this molecule, the fully formulated resist is a blendgstesm of up to five components: xMT, epoxy
crosslinker, photoacid generatamucleophilic quencher that specifically targets epoxies and an optional base quencher

to neutralize excess acid generated by the epoxy quencher.
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Figure 1 Thethree possible structural configurations of thexM T molecule

As shown in figure using this material results similar to our previous resist can be obt&o#dimages show 18 nm
features with an LER ~ 5 nm. A benefit of xXMT over the fullerene matevithe cleaner process as the fullerene
functionalization is a less efficient chemistry with unreacted material and edaries left over in the final product
requiring extensive column purification to obtain a good resist. A compigfication is not required for the xMT resist.
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Figure 2 Comparison of fullereneresist (left) with xM T resist (right)

Initially the same formulation protocol of the fullerene resist was used fotMfiewith mixing ratios determined by
weight. However the xMT is a much smaller molecule then our previdiesefioe derivative. Hence maintaining the
mixing ratio (1:2:1) resulted in overloading of the xMT relative to the tinkss molecule. Adjusting the ratio on the
basis of molar equivalency (0.2:2:1) the sensitivity is improved byoup.5 times without degrading the patterning
performance (figure)3
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Figure 3 Comparison of XM T for different mixing ratios

In order to investigate the effect of XMT, patterning results were competbda resist formulation without XMT.
Figure 4 shows a comparison of the resist with and without xM# and 11 nm half-pitch. It is evident that without the
XMT present at best modulation is achieved at 14 nm and no pattersigniat 11 npdespite the use of nucleophilic
epoxy quencher [7]. In contrast with xXMT, 14 nm features are resah@gatterning at 11 nm is deemed viable pending
further process optimization.

This demonstrates that xMT plays an active role in the patterning prdcesigther clarify the function of xXMT two
structurally similar compounds were tested in the place of xMT. Agathesis it was assumed that xMT serves as a
chain termination agent for the epoxy crosslinker to suppress bridginlgedp control crosslinking. The test compounds
were tert-butyl phenyl carbonate and tBOC malonate, which is the preéorgbe production of xXMT. As shown in
figure 5 neither of the two compounds improves the pattern qualibeisame way as xMT. Based on these results we
have to assume that the effect of XMT extends beyond the role of basgictetmination. Further investigations are
necessary to gain insight into the underlying mechanisms.
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Figure 4 Exposure of resist with and without xM T

3.2 Molecular epoxy

To optimize the performance of the material further, a smaller size crossliaketrialed. While we previously used
small novolac epoxies, they were still polymeric in nature with aboutr®fomer units. In order to make the resist
truly molecular, tris(4-hydroxy phenyl)methane triglycidyl ether wasd as crosslinker. Because of its low molecular
weight (M, = 345) it has a low melting point causing the resist to dewet fr@rstibstrate when receiving a post
application bake higher than 45°C. The same applies for post exposuravihaie exceeding 60°C facilitates the
formation of pinholes in the patterned features. This poténtiidqualifies the material for resist use. Fortunately the
addition of xXMT stabilized the resist sufficiently to withstand both PAlR$ PEBs up to 90°C.

Again, patterned features both with and without xMT were comparedéfgju While the molecular epoxy itself shows
improved patterning with 14 nm lines resolved in contrast to the Novotag epxtensive bridging between features is
clearly seen. By using the xMT the bridging is suppressedreniihes are smoother. With the combination of xXMT and
molecular epoxy we have observed the lowest LER at hpl4 so far material at an estimated dose of 34 mJ/cm2 of
(LER = 3.15 nm). While the 11 nm features are not rendered pgrftbere clearly is patterning occurring beyond mere
modulation. We are currently working on optimization of the procesditons to improve the quality of the 11 nm
results.
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Figure5 Test exposures of alternativestoxMT
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Figure 6 Resist exposures using the molecular epoxy with and without xM T



3.3 Berkeley MET exposures

We are also in the process of transferring our material performanceBertkeley MET. As the MET uses a projection
optics rather than interference to shape the aerial image this is an importasih¢askommercial production systems
will use similar optics. Shown in figurg are first results from various resists versions for different ilhatidn
conditions. Patterning down to 14 nm is achieved, although at itisis §ize the lines are collapsed and not fully
resolved.

hp 30nm 26 mJ/crf, 18-dipole hp 22nm 34 mJ/c, 18-dipole

801 2mm 100k R
hp 18nm 29 mJ/cri, 18-dipole

)

Figure 7 Examples of MET exposures

Comparing PSI and MET exposures of the xMT material for identical formulatidrprocess conditions (figure 8), it is

evident that the patterning quality does not translate directly. Results MH&T are degraded as compared to PSI
exposures. While a certain loss of pattern quality is expected due to thdeataerial image of the PSI tool against the
complex optics of MET, the effect seems surprisingly large in @iemal. Optimization of the formulation and process
conditions is required to achieve similar results as seen in PSI, akdsvemgoing in this process.

8 hpl18nmat 23 mJ/crh(MET) hp 16nmat ~20 mJ/crh(PSI)
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Figure 8 Comparison of XMT resist exposed at MET and PSI



3.4 100 kV ebeam exposure

The XMT also possesses high-resolution capabilities as an electron beam resisbrstrdtad in figure .9Dense
features on a 42 nm pitch were exposed at 100 kV beam voltage vatie @352 pC/cm for the unquenched and 550
pCicm for resist with 5% quencher. Hence the material cannot onlyafiptication in EUVL, but also in photomask

fabrication or massively parallel ebeam writing systems such as the ERARBncept should such tool become
commercially feasible.

Figure 9 - 100 kV ebeam exposure of XM T resist

4. CONCLUSION

We have presentegh in-depth study of a new resist molecule from our work on molecetasts for Next Generation
Lithography. While the exact mechanism for the patterning is yet uilyt élucidated, the material shows good
resolution capabilityat 14 nm, demonstrating that material can sustain feature shrinkggedbiée ITRS goal for 2017
Experimental evidence points toward the xMT helping to control crossjrikithe epoxy. Utilizing a smaller molecular
epoxy LERs as low as 3.15 nm were measured at 14 nm, wipglorss the widely spread hypothesis that molecular
resists can be a route to reduce LER further. We have seen indicatithreth®tT material enables patterning at 11 nm,
which will require further optimization. Adjustment of the material patans to MET illumination conditions is
required, which will allow the xMT material to be used in commercial EUVirssis that use similar optics. In addition
the material also performs well as an electron beam resist showingegotid at 20 nm dense features.
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