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Enhanced dry etch resistance of acrylic acid—caicium acetate modified poly (methylmeth-

acrylate) was demonstrated. Selective pattern formation in the irradiated (DUV and e-beam)
areas was accomplished using PMMA as a base film and acrylic acid as a modifying monomer.
After the acrylic acid modified PMMA has imbibed calcium ion, a latent image was developed by
exposure to an oxygen plasma. An involatile calcium oxide layer which had resistance against
CHF, reactive ion etching was generated. The images of modified PMMA were transferred into

the silicon dioxide layer.

. INTRODUCTION

Poly{methylmethacrylate) (PMMA } is a standard photore-
sist which can be used for deep UV, e-beam, x-ray, and ion
beam lithography.' The radiochemically induced scission of
bonds in the main chain and the evolution of volatile frag-
ments such as carbon monoxide, carbon dioxide, methane,
and methanol, combine to generate the difference in solubil-
ity between the irradiated area and the original PMMA film.

In the usual positive processes, high radiation doses are
generally required. In addition, PMMA has poor resistance
against plasma etching and reactive ion etching (RIE) pro-
cesses, so it cannot be effectively developed by dry develop-
ment methods.

Itis to be noted that the acyl stabilized, tertiary radicals in
the cleaved main chain induce active sites for radical poly-
merization.?

It was found that the same reactive free radical fragments
were generated, irrespective of the radiation source,>* and
that lithographic sensitivities enhanced by a factor of about
101000 were obtained using acrylic acid (AA) as the reac-
tive monomer.”” Acrylic acid modified PMMA (AA-
PMMA)) was still not plasma resistant enough to cause an
effective difference in dry etch rate between it and unirra-
diated PMMA.

AA-PMMA has many functional carboxylic acid groups
which can be easily exchanged with various ions (Ca™ +,
Mg** Nat , K+, A7 +).% AA-PMMA canimbibe
calcium ions when it is soaked in a saturated aqueous cal-
cium acetate solution. After the imbibing of calcium ions, a
latent image can be developed by exposure to an oxygen plas-
ma which essentially generates an involatile layer of calcium
oxide within the irradiated and modified portion of the re-
sist.

The remaining modified PMMA has pronounced resis-
tance against a CHF, reactive ion etching which erodes the
oxide layer. Thus the image of modified PMMA is easily
transferred into the silicon dioxide layer. Figure 1 shows an
example of this dry development process.

Il. EXPERIMENTAL METHODS
A. Modification of PMMA

Modification experiments were performed in a vacuum
system designed so that a solution of purified acrylic acid
(Aldrich) could be degassed in a reservoir and then si-
phoned directly into the reaction chamber without contact
with oxygen. A detailed description of the irradiation, sam-
ple preparation, and grafting conditions are given else-
where.”
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The purified monomer was diluted with deionized water
to a 10% (by volume) solution. The monomer solution was
degassed by repeatedly freezing it with liquid nitrogen and
then allowing it to thaw slowly.

The monomer solution was introduced into the evacuated
chamber (107° Torr) where the irradiated samples were
mounted on wafer holders so that the monomer could be
easily vaporized. The reaction chamber was immersed in a
water bath and the temperature was increased from 20 to
60 °C. The reaction with acrylic acid was continued at 60 °C
until the patterns on the wafer could be detected visually.

The modified wafers were rinsed with deionized water and
immersed in 20% aqueous calcium acetate sclution at 60 °C.
After treatment with calcium acetate solution for a specific
time, samples were rinsed with deiorized water, blown dry
with nitrogen, and baked at 120°Cfor 1 h.

B. Oxvgen plasma etching

The dry etch durability of Ca-A A-PMMA was investigat-
ed by oxygen plasma etching with a Technics Planar Etcher
. PMMA films were irradiated with deep UV at 20
ml/cm? and modified. Each sample was dry etched for 0.5,
1.5, 2.5, 4, and 6 min, at an oxygen pressure of 110 mTorr
and a power setting of 255 W. The plasma etching was
stopped after each time interval and the film thickness was
measured with a Dektak profilometer.

Similar experiments were performed for e-beam irradiat-
ed samples at dose levels in the range of 10710~ uC/cm?.
Each of five different samples prepared with the same modi-
fying condition was plasma etched for 0.5, 1, 1.5, 2.5, and 5
min, at an oxygen pressure of 110 mToerr and a power setting
of 255 W. The remaining thickness of each sample was mea-
sured after dry etching.

€. CHF; reactive ion etching {RIE)

The CHF, RIE durability of PMMA, AA-PMMA,
Ca-AA-PMMA, and Si0, was investigated with 2 Plasma
Therm etcher. The fiow rate of CHF, gas was 20 cm®/min,
its pressure was 34 mTorr, and the power setting was 30C W
at a dc bias voltage of — 474 V.

. RESULTS AND DISCUSSION

Figure 2 shows the dry etch characteristics of DUV-modi-
fied Ca-AA-PMMA. Soaking of the modified resist in 20%
aqueous calcium acetate solution for 10 min incorporated
sufficient calcium ions to yield oxygen plasma etch resis-
tance as shown by the change in etch rate from 3040 10 1160
A/min before and after modification, respectively.

Figure 3 shows the oxygen plasma etching characteristics
of e-bearn modified PMMA. The etch rate of Ca-AA-
PMMA was influenced by the exposure dose in addition to
the modification condition because more active sites were
produced in the more highly irradiated sample.

The etch rate of PMMA in Fig. 3 was faster than that in
Fig. 2 which was obtained with several stopping intervals.
The net result was an increase in O, plasma etch rate due to
only one initial etch state.

The pronounced growth of the PMMA film broadens the
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F1G. 2. Etching characteristics of DUV-modified PMMA. Ramp time from
20 to 60 °C: 40 min. Reaction time at 60 °C: 15 min.
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FiG. 3. Etching characteristics of e-beam-modified PMMA. Ramp time
from 20 to 60 °C: 40 min. Reaction time at 60 °C: 20 min, Ca™ * soaking for
10 min at 60 °C.

FIG. 4. Oxygen plasma etched patterns of Ca-AA-PMMA (20 mI/cm?
DUV).
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FIG. 5. Oxygen plasma etched patterns of Ca-AA-PMMA (2.4 uC/cm” e-
beam).

images during the acrylic acid modification.'® The incorpo-
ration of only a small amount of acrylic acid is required to
generate 2 high fidelity image. It was found that the amount
of vertical image growth necessary for optimal image fidelity
was 0.1 ~0.2 um, The grafting conditions were controlled to
attain optimal growth of PMMA.

Figures 4 and 5 show SEM micrographs of fine cxygen
plasma etched patterns obtained by DUV and e-beam in-
duced modification. The nominal linewidth was 1.5 um with
1.5 zm space for DUV and 1 um line with 2 p2m space for e-
beam modification, respectively.

Once the modified resist has been exposed to an oxygen
plamsa, it generated a protective coating of involatile oxide
within the irradiated (negative) portions of the PMMA re-
sist.

Table I shows the CHF; RIE etch resistance of PMMA,
of modified PMMA, and of Si0, .

The CHF; RIE etch rate of SiQO, was very fast compared
with that of Ca-AA-PMMA which was oxygen plasma
etched. Therefore, the image of Ca-AA-PMMA was easily
transferred into the 0.5 um thick oxide layer grown by a wet
oxidation process.

The formation of CaO by O, plasma and CaF, by CHF,
RIE was demonstrated with Auger electron spectroscopy.
Residual CaO and converted CaF,, which were involatile,
permitted the selective erosion of the oxide layer.

Figure 6 shows a scanning electron micrograph of the pat-
tern transferred to the SiO, layer under the CHF,; RIE con-

TaBLE I. Comparative CHF; RIE etch resistance.

Material CHF, RIE etch rate (A/min}
PMMA 30
AA-PMMA® 110
(20 mI/cm? DUV)
Ca-AA-PMMA? 10
(20 mI/cm? DUV)
Sio, 270

*Ramp time from 20 to 60 °C: 40 min. Reaction time at 60 °C: 20 min.
®Oxygen plasma etching: 110 mTorr, 255 W, 2 min.
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F1G. 6, SEM of CHF, reactive ion etched patterns (2.0 pC/cm? e-beara).

ditions for e-beam modified Ca-AA-PMMA. Two layers of
Ca-AA-PMMA and Si0, are shown in this figure.

SiQ, images were achieved by stripping Ca-AA-PMMA
with Caro’s acid (H, 0, -H, SO, ) after CHF; RIE. Figure
7 shows a micrograph of a SiO, pattern showing 2 0.75 um
line after stripping of the modified PMMA.

V. CONCLUSIONS

A technigue for dry deveiopment of modified PMMA has
been shown to be effective. Selective pattern formation in the
irradiated areas was performed using PMMA as a base film,
acrylic acid as a modifying monomer, and calcium as an’
exchangeable iomn.

Base film images can be fabricated by oxygen plasma etch-
ing. The oxygen plasma etched patterns were transferred
into the oxide layer by using Ca-AA-PMMA as a mask un-
der CHF; RIE conditions.

Submicron pattern formation was demonstrated with this
dry developable DUV modification system.

F1G. 7. SiO, patterns after stripping the modified PMMA (20 mJ/cm?
DUV).
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