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ABSTRACT

Initial studies are presented on the use of polysulfones as non-chemically amplified resists (non-CARs) for 193 nm
immersion lithography. Polynorbornene sulfone films on silicon wafers have been irradiated with 193 nm photons in the
absence of a photo-acid generator. Chemical contrast curves and contrast curves were obtained via spectroscopic
ellipsometry and grazing angle — attenuated total reflectance FTIR spectroscopy. Results were consistent with previously
reported mechanisms for the degradation of aliphatic polysulfones with ionizing radiation. It was shown that EQ values
could be reduced significantly by using a post exposure bake step, which propagated depolymerization of the polymer.
Initial patterning results down to 50 nm half pitch were demonstrated with EUV photons.
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1. INTRODUCTION

Chemically amplified resists (CARs) have been the work-horse of the semiconductor industry for many years. Typically,
CARs for 193 nm lithography are comprised of a polymer that possesses pendant tertiary esters, a photo-acid generator
(PAG) and a quencher. They rely on light being absorbed by the PAG, which then fragments to yield a strong acid along
with other photodecomposition products. These strong acids catalytically deprotect the non-polar pendant tertiary esters
to yield polar carboxylic acids. With a sufficient number of deprotection events this results in a switch in polarity of the
polymer, such that it is soluble in an aqueous base. Hence, high contrast can be obtained between irradiated and non-
irradiated portions of the wafer. A primary advantage of CARs is that because the process is catalytic, a single acid is
able to deprotect many pendant groups, so that a single photon results in multiple deprotection events. However, this
process occurs by diffusion, which at the length scales that are currently being patterned, result in image blur and line
edge roughness. Diffusion of the acid has been arrested to some extent by the inclusion of base quenchers into
photoresists, but even this solution is unlikely to be sufficient.

The issue of line edge roughness has led to the reinvestigation of non-chemically amplified resists [1], which have
previously been studied [2, 3] prior to the advent of CARs. This class of polymer resist relies on the absorption of light
by the polymer, which then results in a chain scission event. After a sufficient number of scission events, the solubility of
the polymer increases, resulting in contrast being obtained between irradiated and un-irradiated portions of a wafer. As
opposed to CARs a single photon only results in a single chain scission event. Hence, the sensitivity of non-CARs will
typically be less than CARs. However, recent advances in excimer laser technology will soon result in lasers with powers
of 300W or greater, which is over six times that of lasers produced in 2005. With immersion scanner speeds at their
current maximum, an excess of photons will be available to the lithographer, which opens up the possibility of the re-
emergence of non-CARs. Due to the non-CAR solubility switch mechanism not being reliant on diffusion, significant
improvements in LER are possible for non-CARs compared to CARs. For example, Gronheid ef al. [4] has demonstrated
that using poly(methyl methacrylate) (PMMA) as a non-CAR, they were able to pattern down to 21 nm using EUV
photons, with much better LER than a commercially-available CAR. However, for non-CARs to be used in volume
manufacturing the E, values to obtain such images needs to be significantly reduced.

Recently, we demonstrated that we were able to achieve a significant reduction (up to 7 times reduction) in E, by
reducing the film thickness of PMMA resist films to ~ 20 nm [5]. This was attributed to an interaction of the polymer
with the surface, which causes an increase in the free volume of the polymer. This postulation was supported by
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evidence from grazing angle-attenuated total reflectance-Fourier transform infrared spectroscopy (GATR-FTIR) for
films of varying thicknesses.

In this paper we investigate the possibility of polysulfones being used as non-CARs for 193 nm immersion
lithography. Polysulfones are a copolymer of sulfur dioxide and a vinyl monomer. Typically, this class of polymers
exhibits sensitivities to ionizing radiation, which are up to six times greater than that of PMMA. Polysulfones also
exhibit another interesting property, which is that they are thermodynamically unstable above a critical temperature,
termed the ceiling temperature (T.). Hence, once a radical forms on the polymer backbone as a result of a chain scission
reaction, they have a tendency to spontaneously depolymerize when heated above T.. This provides a possible
mechanism for decreasing the molecular weight of the polymer in a post exposure (PEB) step, which is conducted
outside of the exposure tool. Hence, the amount of SO, released in the tool can be minimized and the sensitivity of the
resists can be increased.

2. EXPERIMENTAL

Sulfur dioxide (4 mL, 7.8 x10-2 mol) was condensed into a flask containing norbornene (500 mg, 5.3 x10-3 mol). The
mixture was thoroughly degassed to remove residual oxygen and the solution was warmed to -20 °C. Dichloromethane
(2 mL) was added followed by tert-butylhydroperoxide (t-BuOOH) (1 mol% based on norbornene, 6 M solution in
decane) via a degassed syringe. The reaction was stirred at -20°C for four hours, before being warmed to room
temperature to allow excess SO2 to evaporate. The residue was dissolved in DCM and the product precipitated into
methanol. 1H NMR (CDCl5): 6 3.8-4.1 (br m, backbone CH2CH2), 2.87 (br d, 2 x (¢-CH at ring junction)), 2.05-2.15 (br
m, bridgehead CH2), 1.5-1.7 (br m, 2 x (B-CH2 of six membered ring)).

PNS was dissolved in propylene glycol methyl ether acetate, with no PAG added. The solutions were then coated
onto unprimed silicon wafers with an approximately 2 nm SiO2 native oxide layer. A post apply bake was performed at
120 °C for 60 s. 193 nm irradiations were initially performed using a GAM EX10 excimer laser. Samples were also
exposed at the Sematech facility in Albany. Irradiation doses typically ranged from 0-2000 mJ.cm™. For the post
exposure bake studies, the temperatures used varied between 90-170 °C. A developer was selected by testing the dark
loss of various mixtures of isopropanol and cyclohexanone.

Film thicknesses and other optical properties were modelled based on optical parameters obtained from a Woollam
VUV-VASE. FTIR spectra of thin films on Si wafers were obtained using a Thermo Nicolet FTIR spectrometer using a
Harrick grazing angle attenuated total reflectance accessory fitted with MIR polarizers.

3. RESULTS AND DISCUSSION

Polynorbornene sulfone (PNS) was synthesized by the free radical polymerization of sulfur dioxide and norbornene,
using tert-butyl hydroperoxide as an initiator. The structure of PNS is shown in Figure 1. PNS has a T, of 121 °C, a
refractive index of 1.74 at 193 nm and an absorbance of approximately 0.17 um™'. PNS has a reported G scission (Gy)
value for ionizing radiation of 6.4 [6], which is high compared to PMMA, with a G; value of 1.3. Gy is the number of
chain scissions per 100 eV of absorbed radiation. This high G, value and moderate T, make PNS an interesting starting
point for the design of non-CAR polysulfone based resists. This polymer has been previously evaluated as an e-beam
resist [6].

=

Figure 1 Structure of poly(norbornene-sulfone), (PNS).
3.1 Effect of irradiation

The chemical contrast curve for irradiation of PNS with 193 nm photons (Figure 2) exhibits a linear decrease in film
thickness with dose, at a rate of approximately 5.1% J'.cm? This is consistent with random chain scission of the
polymer backbone and loss of a small molecule. A linear loss of thickness with dose has also been observed for other
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chain scissioning polymers, such as PMMA, where the loss of thickness for approximately 60 nm films was 12.8% J
'.em? [5]. It is difficult to directly compare these values, because the polymer structures and chain scission mechanisms
differ, that is that PMMA is a homopolymer and PNS is an alternating copolymer of SO, and norbornene. This will be
discussed further below.
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Figure 2 VUV-VASE chemical contrast curve for PNS

The GATR spectra of the films are shown in Figure 3 (a). GATR allows the FTIR spectra of very thin films on high
refractive index substrates to be collected, which is not possible with conventional ATR.[7] The spectra exhibit a
decrease in the sulfone bands at 1302 and 1143 cm™ with increasing dose.[8] The decrease in sulfone bands is consistent
with loss of SO, during irradiation, presumably through the scission of the C-S bonds, and is consistent with reports of
the photo and radio-chemical degradation of aliphatic polysulfones. The decrease in the sulfone peak at 1302 cm™ was
found to be linear with 193 nm dose (Figure 3 (b)), with a rate of approximately 38% J"'.cm®. It is assumed that any
norbornene monomer that forms during irradiation will remain on the wafer, because its boiling point is 96 °C. Hence,
all the mass loss can be assumed to be due to evolution of SO, gas. The PNS used in these experiments has a degree of
polymerization of 12800, hence if we assume that no depolymerization occurs then, there are approximately 4800 chain
scissions per polymer chain J"'.cm® or 4.8 scissions per polymer chain mJ™.cm’.
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Figure 3 (a) GATR spectra of PNS irradiated with various doses of 193 nm photons, (b) Relative amount of sulfone repeat
units remaining after irradiation

Development of the irradiated films using a non-optimized developer (100% isopropanol) resulted in further film
loss compared to the irradiated-only films at a rate of 124%J"'.cm®. Again this loss was approximately linear with dose,
up to the Ey, which is again consistent with random chain scission of the polymer backbone. This demonstrates that the
thickness loss and evolution of SO, are associated with chain scission events along the PNS backbone.

Figure 4 shows the mechanism of photodegradation of PNS. The evidence presented above indicates that
absorption of 193 nm photons by the polymer is resulting in random chain scission of the polymer backbone and
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evolution of a small amount of sulfur dioxide. As a result of chain scission the molecular weight of the polymer is also
decreasing. This is consistent with literature reports of the photo and radiochemical degradation of aliphatic

polysulfones.
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Figure 4 Mechanism of chain scission, involving scission of C-S bonds and loss of SO..

Effect of PEB

The temperature stability of un-irradiated PNS was established using thermogravimetric analysis (TGA). In Figure 5 the
TGA curve for PNS is shown, where relative mass remaining is shown on the y-axis. The curve indicates that almost no
mass loss is observed until approximately 200 °C, where a degradation onset is observed. Hence, this polymer should be
able to withstand baking temperatures up to 200 °C.
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Figure 5 TGA curve for thermal degradation of unirradiated PNS

To determine if depolymerization of the polymer could be observed as a result of a PEB step the irradiated films
were baked at a series of temperatures ranging from 90-170 °C. Spectroscopic ellipsometry showed that the thickness of
irradiated films decreased for all bake temperatures (Figure 6), where generally the largest thickness losses were
observed at higher bake temperatures, and the rate of thickness loss per dose was found to increase at higher bake
temperatures. The Arrhenius plot in Figure 6 (b) is linear, which indicates that a single mechanism is dominating the
depolymerization reaction. From this plot an activation energy of 88.7 kJ mol™ can be calculated. These results suggest
that depolymerization is occurring during the PEB step.
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Figure 6 (a) Chemical contrast curves after PEB at various temperatures (b) Arrhenius plot for rate of film thickness loss per
193 nm dose and a variety of PEB temperatures.

Figure 7 shows the GATR spectra of PNS films irradiated to a dose of 500 mJ.cm™ both before and after a PEB step.
A decrease in the SO, band at 1302 cm™ can be observed after the PEB step. Again this provides further evidence for

depolymerization of the irradiated polymer.
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Figure 7 GATR spectra of PNS films irradiated to a total dose of 500 mJ cm™ before and after PEB at 170 °C.

Figure 8 shows the contrast curve after irradiation and a PEB step at 170 °C. The developer used in this case was
60% isopropanol and 40% cyclohexanone, with a rinse time of 120s. A dramatic decrease in thickness with dose is
observed, with an E, evident at approximately 50 mJ.cm® for this developer system. This demonstrates that the
depolymerization that is occurring during the PEB is significantly decreasing the molecular weight of the polymer.
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Figure 9 Contrast curve for PNS films, using 40% cyclohexanone and 60% IPA as a developer, after a PEB at 170 °C.

GATR of the films were also measured after solvent development. A general decrease in all the polymer peaks can
be observed after development. At a dose of 100 mJ.cm™ a small amount of residual polymer can be observed. However,
the size of the peaks is very small compared to the peaks related to the 2 nm SiO, layer, which qualitatively suggests that
this residue is very thin, i.e. much less than 1 nm thick. Degradation studies of aliphatic polysulfones with ionizing
radiation have shown that side reactions can occur to a small degree.[9] This residual layer may be due to these side
reactions and further optimization of the developer may be required to remove this residual layer. However, it also been
demonstrated that certain side reactions can be suppressed by incorporation of cationic scavengers during degradation.
[9] The relative height of the SO, band can be compared with the SiO, band. After development a similar curve to the
contrast curve is obtained.
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Figure 10 (a) GATR spectra after development at a variety of 193 nm doses. (b) Relative SO, concentration after irradiation
(triangles) and development (squares)

Discussion of Mechanism

Ellipsometry and GATR data shows that depolymerization is occurring as a result of the PEB step. The developing step
is consistent with molecular weight decreases during PEB, which is further support for depolymerization. These results
are consistent with literature on depolymerization of aliphatic polysulfones. The depolymerization of irradiated polymer
is occurring below the reported T, of PNS, 157 °C, and there appears to be no discontinuity in the rate of degradation in
temperature range used (90-170 °C). A likely reason for this is that the depolymerization is an equilibrium reaction and
typically T, values are determined in the presence of excess monomers. However, in our case the depolymerization
occurs with no monomer present and on an open hotplate such that the generated SO, is dissipated. At higher
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temperatures, >96 °C it is also likely that the norbornene monomer that is formed will readily volatilize. These factors
will drive the equilibrium towards depolymerization and is likely to result in a depolymerization temperature that will be
lower than the T, [10]. Based on the Arrhenius plot in Figure 6 (b) the depolymerization temperature in the absence of
monomer is less than 90°C. This is a positive result because the T, of the polymer is 121 °C, and hence an effective
bake temperature may be found below the T, of the polymer, which will be important for the applicability of this class of
polymers in lithography applications.

PN is relatively transparent to 193 nm photons, with an absorbance of 0.17 pm™". The next step in the development
of these polymers is to increase the absorbance of the polymer by inclusion of a small amount of a chromophore.
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Figure 11 Radical depolymerization mechanism for PNS
SO, release

A concern with the use of these polymers is the release of SO, into the tool during irradiation. A worst case scenario is
that 100% of the SO, is released during irradiation. For a 50 nm thick film of PNS this corresponds to 0.032 nmol of SO,
released per mJ.cm™. However, this is somewhat of an over estimation. A more realistic scenario is based on the FTIR
results, which indicate that at a dose of 100 mJ.cm™ to the wafer, approximately 5% of the SO, which corresponds to
0.0016 nmol of SO, released per mJ.cm™. SO, is extremely soluble in water at room temperature, so these small amounts
of SO, will readily dissolve in the immersion fluid.

Patterning

At this stage no patterning results have been performed using 193 nm photons. However, a structurally similar polymer,
poly(1-butene sulfone) has been patterned with EUV photons. An example of 50 nm HP results is shown in Figure 12.
These results indicate that it is possible to pattern polysulfones. In this case a PEB step has not been used to reduce E,
values. However, it is expected that a PEB step will further reduce the dose required.
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Figure 12 EUV patterning result for a poly(1-butene sulfone) film.

4. CONCLUSIONS

Irradiation of polysulfones with 193 nm photons results in film thinning and a decrease in SO, content. A PEB step was
shown to result in depolymerization, which accentuated the molecular weight decrease and consequently increased
contrast. After development with 60% IPA and 40% cyclohexanone, an E, of <50 mJ was obtained. Calculations show
that the amount of SO, liberated during irradiation will be easily dissolved in immersion fluid.
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