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We propose i nanocomposite resist system that incorporates sub-nm size full.er.cne Cq) moleculcs
into a highly sensitive and moderately dry-etching resistant electron-beam ppsmve resist, ZEPS;.O.
Ceo incorporation leads Lo carbon reinforcement in the original resist material and cnh‘?nces resist
performance for nanometer pattern fabrication. 100 wit % Cg incorporated ZEP320 5119\\'5
enhancements of ctching resistance (-13¢). thermal  resistance (30 °C). and mechanical
resistance (3.5-3.5 in the aspect ratio). By applying ihis new resist system to X-ray mask fabrication,
an ultratine mask with the minimum dimension of 43 nm has been successfully fabricated. © 7997

American Vacuwn Socierv. [S0734-211X(97)141606-6]

I. INTRODUCTION

The fabrication of nanometer patterns with dimensions
smaller than 0.1 gan w a practical level has been increasingly
in demand tor research and development in ultralarge scale
integrates (ULSIN ). quantum devices. or diffractive optical
elements. In such device fabrications. further improvement
of resists performance 1s accordingly required. Resist perfor-
mance 1s generally characterized by three qualities: resolu-
von, sensitivity. and resistance. 1n the nanometer range, re-
sistance will play a cnncal role more and more i actual
device fabrication. Although resistance in a general sense
means etching resistance. 1t could be classitied by its charac-
leristics into two kinds: chemical and physical resistance.
Chemical resistance is essentially etching resistance. Physi-
cal resistance can be further divided into thermal and me-
chanical resistance. Low thennal resistance resulis in pattern
deformation in heat processes. while low mechanical resis-
tance leads to pattern collapse during development. Because
the etching resistance of conventional materials is moderate
and o large decrease of the aspect ratio of patterns is not
expected, mechanical resistance has been increasingly o fac-
tor limiting resolution 1 nanometer patiern fabrication.

We have recently proposed a nanocomposite resist system
that incorporates sub-nm fullerene Cqy molecules into a con-
ventional resist material to realize an ulirathin films resist
process by enhancing etching (or chemical) resistance.'”
This new resist system also has the potential to enhance
physical resistance by the reinforcement cftect of Ceq incor-
poration. This article presents a nanocomposile system com-
posed of Ceg und a highly sensitive and moderately dry-
etching resistant electron beam positive resist, ZEP520,” and
shows some characteristics of the system. focusing on the
mechanical and thermal resistance.
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IIl. CONCEPT

The basic idea of the nanocomposite resist system s
shown in Fig. 1. A spin-coated film of a conventional resist
material appears to be a closely packed film, but actually
such a thin polvmer film has space. called free volume.
which is not occupied by resist molecules and is porous in
nature. Although etching resistance is increased by introduc-
ing etching resistant functional groups into resist molecules
in conventional resist. etching reactants easily pass through
the unoccupied space among the resist molecules and react
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116. 1. Concept of the nanocomposite resist sysiem, where sub-nm size
fullerene Coy molecules are incorporated into a conventional resist material.
Cu incorporation leads to a carbon-reinforcement effect by making the
original film rigid and hard and enhances resist performance for nanometer
pattern fzbrication
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151G, 2. Malecular size comparison for ZEP520 and Cgg. The diameter of Cop
is about 0.7 nm. which corresponds to the length of the four ur five C-C
unit bends in the ZEPS20 molecule

with moelecules in deeper regions of the film. inducing etch-
ing defects in unwanted areas. By reducing the free volume
with highly etching resistant Cgq molecules. the intrusion of
the etching reactants is blocked, and a turther increase in the
elching resistance of the original resist material 1s achieved.
In addition, filling the free volume with Cgy molecules.
which have a high melting point =700 "C). would hinder
thermal motion and enhance the thermal resistance of the
tilm. Close packing by C, incorporation could also increasc
the rigidness or strength of the hlm by increasing the density
of the film. thereby enhancing its mechamcal resistance
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Fi6. 3. Schematic of ¢-beam resist processes for densely packed pattems. [n
4 conventional process (a), nsnometer patterns with high aspect ratio tend te
vollapse during development duc 10 their poor mechanical strength or resis-
tance. On the other hand, in the nanocomposite process (b)), those patterns
are properly formed by C.; reinforcement.
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Fr. 4 Enhancement of etching resistance of Cy € ZEP as z function of
C,,. content evatuated by ECR dry etching under Si etching conditions €gas:
Cl.. gas flow: 40 SCOM: pressure” 105 Pa; nucrowave power: 200 W)

The molecule structures of both ZEP320 and Cgy are
shown in Fig. 2. Cyq has several advantages for incorpora-
tion. First, Cgq is an ultrafine particle with a diameter of ~0.7
nim. which corresponds to the length of the four or five C-C
unit bonds in the ZEP320 molecules. Second. it is pure car-
bon material consisting of 60 carbon atoms. Third, it dis-
solves in most aromatic solvents. Fourth, it is chemically and
physically stable. When Cyq is incorporated into ZEP resist
to make a composite, these qualities lead to substantial -
provements of resist properties. including chemical and
physical resistance. without the need for a significant process
change.

Figure 3 shows a schematic of ¢-bean resist processes. In
the fabrication of densely packed patterns like equal lines
and spaces, resolution is. in most cases. limited by pattern
collapse caused by surface tension during the drying by rinse
solvenis.>® In the conventional system (a), nanometer pat-
terns with high aspect ratio tend to collapse during the de-
velopment due to their poor mechanical strength or resis-
tance. Empirically. the threshold of pattern collapse has been
an aspect ratio of' 3, but in sub-100 nm dimensions, it will go
down to 3 or 1.5 due to the lack of mechanical resistance in
such small patterns. On the other hand. in the nanocomposite
process (bl patterns with a aspect ratio of =5 arc properly
formed by Cg reinforcement.

ill. EXPERIMENT

We used commercially available fullerene Cgy (Kanto
Chemicals) and incorporated it into ZEP320 (Nippon Zeon).
Cey powder was first dissolved in o-dichlorobenzene and
then mixed with the ZEP resist solution. We prepared 0, 5.
10. and 30 wt “c Cgo solutions (to the solid content of the
original  resists  solution) for Cgyp-incorporated ZEPS520
{Con @ ZEP) samples. Each Cgy @ ZEP resist solution was
spin-coated on a Si substrate and prebaked at 165 °C in an
oven for 30 min. Exposure experiments were carricd out
with a 25 kV Gaussian electron beam machine (JEOL-5FE).
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FiG 5. Enhancement of thermal resistance of C.. @ ZEP SEM micrographs of 130 nm pitch patterns of 0.5, and 10 wi % (g & ZEP smnple buked a1 120

and 130 “C are shown wnh nonbuked patterns as a reference

Exposed samples were developed in the ZEP developer
ZED-N50 (n-amyl acctate). The sensitiviies of all the
samples were adjusted 1o =30 uC/em” by controlling devel-
opment time.

The enhancement of ciching resistunce was evaluated by
an clectron cyclotron resonance (ECR) dry etching 1echnique
under Si ctching conditions (gas: Cly: gas flow: 40 scen
pressure: 0.05 Pa; microwave power: 200 W). Thermal resis-
tance was evaluated by the scanning clectron microscope
(SEM) observation of 150 nm pitch paterns heated n an
oven for 30 min. Mechanical resistance was evaluated by

J. Vac. Sci. Technol. B, Vo!. 15, No. 6, Nov/Dec 1997

measuring the aspect ratio of various nanumeter patierns ob-
served with the SEM.

X-ray mask fabrication was done by technologies devel-
oped at NTT.” The mask substrate was composed of, from
top 1o bottom, $10, {150 nm). Ta (0.4 gm). SN (200 nm).
and Si (0.38 mm). The thickness of 10 wt 6 Cyg @ ZEP was
100 nm and the patterning process was carried out in the
same manner as described above. The Si0- layer was etched
through the resist patterns by reactive ion etching using C:Fe
gas. and the Ta laver was ctched with the $iO; mask by ECR
etching using a Cl,/Ar/O, gas mixture.
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FiG. 6. Examplc of the enhancement of mechanical resistunce. (a) 130-nm-
thick pure ZEP paters (pitch: 90 nm). by [30-nm-thick 10 wi % €y @
ZEP patterns (pitch: 60 nmi. t¢) 230-nm-thick 10 wt & C, @ ZEP patterns
(prtch: 90 nmi.

IV. RESULTS AND DISCUSSION

Figure 4 shows the normalized etching rate of C @ ZEP
against Cgy content. The rute decreases linearly with Cgy con-
tent up to around 15 wt ¢ and then tends 1o level off. This
proves that Cgy incorporation cnhances etching resistance.
Under the present development conditions. we could not ob-
tain good quality patterns at 30 wi %. The best quality pat-
terns were obtained at 10 wt %, which correspond to an cich-
ing resistance enhancement of ~15%.

Figure 5 shows SEM micrographs of 150 nm pitch pat-
terns of 0. 5, and 10 wt % Cgp @ ZEP samples after being
baked at 120 and 130 "C for 30 min. Nonbaked samples are
also shown for reference. Although ZEP520 resist has a rela-
tively high glass transition temperature of 143 “C. the pure (0
wt % Cgg) ZEP sample showed patlern swelling at around
120 °C and completely fowed at 150 “C. The 5 and 10 wit %
Ceo samples showed no practically adverse swelling at
120 ¢C. but the former sample flowed at 150 °C as did the
pure sample. whereas the latter one showed strong thermal
resistance even at 150 °C. This enhancement of thermal re-
sistance could, by allowing us to remove an additional pro-
tecting layer, simplify the compound semiconductor process
in which a thermal step such as high-melting point metal
deposition for gale lift-off or substrate heating dry ctching is
usually employed.
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TG, 7. SEM micrographs of sub-30 am patterns of 10 wi ¢ Cyp & ZEP
formed in a 100 mn Hlm on the S$i0; laver for x-ray mask fabrication.
Pattern dimensions are 25, 30, and 45 nm in equal hines and spaces from top
to hottom.

Figure 6 shows nanometer patterns formed in the pure
ZEP and 10 w1 S C,p @ ZEP systems. In the pure ZEP
system. 90 nm pitch patterns which were 130 m thick col-
lapsed as shown in Fig. 6(a). Since the actual pattern width
by SEM measurement was a littdde smaller than 40 nm, we
estimated the aspect ratio at about 3.5 for these patterns. In
the 10 wt % system. 60 ni pitch patterns were resolved in
the same thickness of the fitm as shown in Fig. 6(b). We
tried patterning in the thicker ilm of 250 nm as shown in
Fig. 6(c). This thickness is partically viable for fabrication of
a substrate even by conventional dry etching. The micro-
graph shows 90 nm pitch patterns with a high aspect ratio of
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FiG. 8. Cross-secticnal view of a fabricated ultrafine x-ray mask. The patiern
dimension is 45 nm. and the height of the Ta absorber 15 0.4 gm.

3.5 werc successfully created in the 10 wt % Cy, @ ZEP.
This result shows an increase in aspect ratio from 3.5 10 5.5
and demonstrates the enhancement of mechanical resistance.

We applied our new resist system to x-ray mask fabrica-
tion and obtained good results. Figure 7 shows 10 wi ¢ Cyy
at ZEP patterns on the SiO- layer. Patterns down to 30 nm
were formed. Figure 8 shows a fabricated x-ray mask with
the minimum dimension of 45 nm. The Ta thickness is 0.4
am. so the aspect ratio 1s more than 8. Under the present Ta
etching conditions. we could not tabricate a mask with di-
mensions smaller than 45 nm. As C,, can be casily removed
by ultraviolet (UV1 ozene ashing and contamns no harmful
impurities, no process change was needed during the fabn-
cation.
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V. CONCLUSIONS

We proposc a nanocomposite resist system that incorpo-
rates sub-nm size fullerene Cgp molecules into a highly sen-
sitive and moderately dry-ctching resistance electron-beam
positive resist. ZEP320. This new resist system leads to en-
hancements of resist performance that are required for na-
nometer pattern fabrication. The enhancement of chemical
resistance, or etching resistance, was evaluated by ECR dry
etching and - 13€¢ enhancement was observed at ~- 10 wt %
C, content. Physical resistance, i.c., thermal and mechanical
resistance, was evaluated by SEM measurement of pattern
deformation upon heating (for the former) and by measuring
by the aspect ratio (for the latter) of nanometer patierns, and
enhancements of - 30 “C and 3.5-5.5 were obtained, respec-
tively. By applying this new resist sysiem to x-ray mask
fabrication. an ultrafine mask with the minimum dimension
of 45 nm and an aspect ratio of more than 8 has been suc-
cessfully fabricated. This example of application shows that
our ncw resist systern promises (o provide an improved resist
process for wide areas of nunometer pattern fabrication.
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