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Structural Transformation of Acrylic Resin upon Controlled
Electron-Beam Exposure Yields Positive and Negative Resists**

By Jem-Kun Chen, Fu-Hsiang Ko,* and Feng-Chih Chang

Zwitter polymers are defined as polymers that undergo transformation from a linear to a crosslinked structure under electron-
beam irradiation. A resist polymer may be either linear or crosslinked, depending on electron-beam dosage. The structural
transformation of acrylic resin make it suitable for applications in positive and negative resists in the semiconductor field. The
contrast ratio and threshold dose both increase with increasing resist thickness for both the positive and negative resists, while
the positive resist exhibits better contrast than the negative. The intensity of the characteristic Fourier-transform infrared ab-
sorption band at 1612 cm™ (vinyl group) is used to explain the phenomena behind these resist transformations. We evaluate
the effects of two important processing conditions: the soft baking and post-exposure baking temperatures. Pattern resolution
decreases upon increasing the baking temperature, except for soft baking of the negative resist. The effect of electron dose on
the pattern resolution is also discussed in detail for both resists. High electron-beam exposure does not improve the etching
resistance of the resist because of the porous nature of the resist that develops after high-dosage irradiation.

1. Introduction

A zwitter polymer is a polymer that is linear or crosslinked,
depending on an applied dose of electron-beam irradiation. A
ring pattern of zwitter-polymer resist has been fabricated using
high-dosage electron-beam irradiation.'! Zwitter polymers
essentially exhibit properties of linear polymers, while zwitter
polymers with crosslinked networks induced by irradiation of-
fer the possibility of improving the strength, dimensional stabil-
ity, and dissolution resistance to solvents at elevated tempera-
tures. Furthermore, zwitter polymers can be used as resists for
producing both positive and negative patterns on wafers in
semiconductor applications. Radiation processing offers a con-
venient means of forming crosslinked networks in polymers,
and has attracted extensive attention, as shown in the litera-
ture.” Poly(methyl methacrylate) (PMMA) was the first
polymer used in advanced microlithography,® with electron-
beam,m ion-beam,[gl deep UV,["’“)] and X-ray irradiation."Y! In-
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creased solubility occurred in the exposed areas, caused by the
degradation of PMMA by the various forms of radiation.
PMMA undergoes cleavage of pendant methyl ester groups
and main chain scission (MCS) as a result of radiation.'*"!
Evidence for these processes includes reduced molecular
weight,[6] evolution of gaseous products,[”’ls] and results from
electron spin resonance spectroscopy.'>!¢! Low-molecular-
weight linear PMMA, which can be converted into a cross-
linked zwitter polymer, is suitable for use as a negative resist in
the semiconductor industry.[ll

Electron-beam processing has been used for many years to
make the masks needed for optical lithography because of the
high-resolution capability of electron-beam tools. In addition,
it has been observed that electron-beam irradiation can pro-
duce radicals along polymer chains to induce structural trans-
formation of the polymers.'”?!] Radical polymerization has
been widely used to manufacture various kinds of commercial
products because of its robustness, compared to other types of
polymerization.[*>%*]

Electron-beam lithography works on the principle that some
materials undergo chemical changes on exposure to a beam of
energetic electrons. This method has been used to fabricate
high-precision devices that would otherwise be impossible to
make by photolithographic techniques.”* In electron-beam
writing technology, a low-density pattern can be made on a
wafer using a negative resist, while a high-density pattern is
usually obtained by using a positive resist. While using differ-
ent resists for different pattern densities can enhance through-
put in electron-beam writing techniques, problems arise when
writing single layers of varying density. Herein, we report on
the use of a zwitter polymer as a resist in electron-beam writ-
ing, in order to improve the pattern throughput rate.

We report in detail on the sensitivity of a zwitter polymer to
electron-beam exposure, and the reaction mechanism involved.
The structural transformation and glass-transition temperature
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(T,) of the zwitter polymer in both forms (linear and cross-
linked) are revealed using Fourier-transform infrared (FTIR)
spectroscopy and differential scanning calorimetry (DSC), re-
spectively. The optimum pattern resolution for the positive and
negative tones of the zwitter-polymer resist is determined by
optimizing soft-baking and post-exposure baking conditions. In
addition, we have evaluated the lithographic behavior of the
positive and negative resists at different electron doses and
have optimized them using in-line scanning electron microsco-
py (SEM). The plasma resistance of the two different types of
resists is also discussed.

2. Results and Discussion

2.1. T, Measurements

DSC is a method commonly used to characterize the thermal
properties of materials. In this study, DSC was used to deter-
mine the 7, value of the zwitter polymer. The heating rate was
fixed at 10°Cmin". Figure 1a shows DSC curves of the linear
acrylic resin after various applied doses of electron-beam radi-
ation. The T, value, of around 95 °C, is attributed to the main
composition of the original, linear acrylic resin. Figure 1b
shows a plot of T}, of the acrylic resin versus irradiation dose; it
shows that T, decreased with applied dose for doses under
20 uCcm™, while T, increased with applied dose for doses
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Figure 1.a) DSC curves of the zwitter polymer under electron-beam irradia-

tion doses of i) 0, ii) 3, iii) 5, iv) 7, v) 240, vi) 280, and vii) 320 uCcm™.
b) The effect of electron-beam irradiation dosage on Ty,
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greater than 150 pCcem™. This observation suggests that the
linear acrylic resin was degraded by electron exposure under
low-dose irradiation, resulting in a decrease in its molecular
weight. The degraded linear polymer could then be dissolved
using development techniques that are standard in the semi-
conductor field. This observation suggests that the zwitter poly-
mer behaves like a positive resist. At the same time, vinyl
groups are created in these low-molecular-weight acrylic resin
molecules upon irradiation by a low-dosage electron beam.?!
These vinyl-group-containing molecules are able to repolymer-
ize by subsequent irradiation with an electron beam of higher
dose, thus resulting in crosslinking and an increase in molecular
weight. Therefore, the zwitter-polymer resist (i.e., the cross-
linked acrylic resin) can no longer be developed using tetra-
methylammonium hydroxide (TMAH) and exhibits negative-
resist behavior. The approximate T, value of the acrylic resin
after irradiation by a higher dose of electrons was close to
109 °C, which is substantially higher than the T, of the original,
linear acrylic resin. Hence, an electron-beam addressing tech-
nique on the acrylic resin with varying electron dosage is an
effective means of changing the resin structure, and enhancing
the future applicability of the resin in electron-beam lithogra-

phy.

2.2. Reaction Mechanism upon Electron-Beam Irradiation

FTIR absorption spectra of the acrylic resin film were mea-
sured in order to perform qualitative and quantitative analyses
of the degradation process caused by electron-beam irradia-
tion. The main gaseous products emitted by the acrylic resin
under electron-beam irradiation were methyl formate, meth-
ane (or —CHj3;), methanol, CO, and CO,; many other minor
products were also emitted.””?”) Higher-dosage electron-beam
irradiation transformed the linear acrylic resin into a cross-
linked acrylic resin, changing it from a positive resist to a nega-
tive one. Figure 2 shows the FTIR spectra of zwitter-polymer
films of both the linear and crosslinked resins. The absorption
peak at 1612 cm™ represents the characteristic vibration of the
C=C bond.” For the linear acrylic resin to which low-dose ir-
radiation (Fig. 2a) was applied, this characteristic absorption
peak increased upon increasing the applied dose in the range
from 0 to 30 wC cm™; this is an indication of degradation of the
acrylic resin, resulting in more radicals and C=C bonds. High-
dosage irradiation induced crosslinking in the acrylic resin
(Fig. 2b) and thus, the 1612 cm™ absorption peak decreased
with increasing applied dose in the range 240-320 uCcm ™. The
relative peak intensity of the C=C peak at 1612 cm™ with
varying electron-beam doses is shown in Figure 2c. The absorp-
tion peak increased rapidly at doses below 30 uC cm™, indicat-
ing the extreme sensitivity of the linear acrylic resin to the dose
of the electron-beam irradiation. The number of C=C bonds
reached a constant value as the dosage increased from 30 to
240 uCcm™2. Above 240 uCcm?, the irradiation induced cross-
linking polymerization of the vinyl groups, resulting in the de-
crease in the normalized intensity of the C=C peak.
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electron beam, can undergo crosslinking poly-
merization (Fig. 3, step V) and, therefore, the
intermediate species containing C=C bonds
disappear, as shown in Figure 2b. The macro-
molecule formed by crosslinking is no longer
soluble in the developer (TMAH), which ex-
plains its negative-resist behavior shown in
Figure 2b.

2.3. Sensitivity Curves

In electron-beam lithography, in general,
linear polymers are used in positive resists,
while crosslinked polymers are used in nega-
tive resists. Therefore, a zwitter polymer used
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in an electron-beam lithography resist can al-
low the resist to function as both a positive
and negative resist. Thus, trenches and lines
can be fabricated on a given single layer at
the same time, by simply changing the irradia-
tion dosage. Sensitivity curves of the zwitter-
polymer resist are shown in Figure 4. This
acrylic resin resist exhibits a positive-tone be-
havior at dosages below 30 uC cm™ and shifts
to a negative-tone behavior for dosages
>300 uCem™2."" The contrast ratios and
threshold doses obtained from the sensitivity
curves are listed in Table 1, which shows that
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Figure 2. FTIR spectra of the zwitter-polymer resist films at different electron-beam doses:
a) positive-tone resist after electron-beam doses of i) 0, ii) 1, iii) 3, iv) 5, v) 7, vi) 9, vii) 15,
and viii) 30 uCcm™; b) negative-tone resist after electron-beam doses of i) 240, ii) 250,
iii) 260, iv) 270, v) 280, vi) 290, vii) 300, and viii) 320 uCcm™ c) The normalized intensity of
the FTIR absorption peak at 1612 cm™ as a function of electron-beam dosage.

It has been reported that the decomposition pathway of
acrylic polymer upon electron-beam irradiation results in inter-
mediates that have C=C bonds.”® Figure 3 illustrates the reac-
tion mechanism that occurs in the polymer resist upon elec-
tron-beam irradiation. The accumulating electron-beam
irradiation first induces breakage of side-chain bonds to pro-
duce unstable radicals. The ionization process (Fig. 3, step I) of
the acrylic resin upon electron-beam irradiation is very efficient
in inducing backbone chain scission, creating larger amounts of
gases—such as CO, CO,, CHy, and methanol.>?% This differ-
ence can be rationalized by considering the difference in stabil-
ity of the polymeric fragments generated by irradiation (Fig. 3,
steps I-IV). The main chain can then further degrade through
electronic rearrangement (Fig. 3, step IV) to create relatively
stable intermediates, each containing a C=C bond. This mecha-
nism can explain the increase in the characteristic absorptions
at 1612 cm™ upon increasing the dose from 0 to 30 pCcm™ that
is observed in Figure 2a. At doses higher than 240 uCcm™, the
C=C bond-containing intermediate, which is susceptible to the
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the contrast ratio and threshold dose both in-
crease with increasing resist thickness, for
both the positive and negative resist. These
observations suggest that thicker resist films
require higher irradiation doses to exhibit de-
sirable lithographic behavior, but the contrast
of the resist does not deteriorate. The sharp
sensitivity curves in Figure 4 clearly show that
the acrylic resin resist has an excellent re-
sponse to electron-beam irradiation. The contrast ratios in Ta-
ble 1 for the positive resists are about twice those of the nega-
tive ones; the significant degradation of contrast ratio for the
latter is caused by the higher threshold dose.

500

2.4. Effect of Baking on the Resolution of the Zwitter-Polymer
Resist

2.4.1. Positive Resist (Linear Acrylic Resin)

In electron-beam lithography, a positive resist is suitable for
patterning trenches and holes. Figure 5 shows the effect of soft
baking and post-exposure baking on the trench resolution for a
positive zwitter resist. The trench width increases upon increas-
ing the soft-baking temperature from 100 to 130 °C, under the
same post-exposure baking conditions. As mentioned in the
Experimental section, the optical resist contains an acid gen-
erator and a solvent. We attribute the trend of increasing
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trench width with increasing soft-baking temperature
AA—CH,—C—CH,—C I to the effect of acid diffusion. The amount of residual
solvent in the resist decreases when the soft-baking
temperature is increased, causing an increase in the
sensitivity of the acid generator. The lower solvent
content at higher soft-baking temperatures is a suit-
able condition for diffusion of the acid generator dur-
ing post-exposure baking. Hence, the trench width
increases when the soft-baking temperature is in-
creased. Furthermore, the trench width reaches a pla-
teau with respect to the soft-baking temperature be-
cause most of the solvent in the resist film is

gg“’ 8330}1’ vaporized above 120 °C.
I > The trench width also increases on increasing the
“N‘—%H:C $ CHzﬁ*"’\l temperature of post-exposure baking from 100 to
130 °C under the same soft-baking conditions. We be-
- lieve that this effect is also due to the induction of a
larger acid-generator diffusion length by the higher

|
rvw—% HZC—(_Z—CHzﬁﬂ/\/\‘ post-exposure temperature.
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v /\ 2.4.2. Negative Resist (Crosslinked Acrylic Resin)
CHj; ﬁﬁz CHj; ?1—13 CH;,4 ?Hz
ANN—C—CH,—C—CHy—C—CH,—\ "VV\—C—CHZ—é=CH—C—CH2—x/V\/ In electron-beam lithography, negative-tone resists
t—o c=0 t—o =0 a.re suitat?le for line patterning. A resist with a nega-
| | tive tone is produced when the electron-beam dosage
OCH; OCH; OCH;4 OCH; . D
is greater than 240 uCcm™, indicating that the acryl-
v VL ic resin with vinyl groups has repolymerized to form
H;CO_ 0 0y ,OCH; H;CO_ O . . . .
N N N7 the crosslinked acrylic resin, as shown in step V of
\C/CH3 H3C\C/ \C/CH3 Figure 3. Figure 6 illustrates the effects that the soft
} \CI\—IZ ned \ / \C{IZ A \ baking and post-exposure baking conditions have on
e /L—C'\ Y Qv /»—C\ Y line width for the negative zwitter resist. The line
S H,C CI\’Iz { \ H;C CI\-Iz / width decreases upon increasing the soft-baking tem-
/
N ,C\ ,C\ perature from 100 to 130 °C under the same post-ex-
P N e e posure baking conditions. The amount of residual
107 Y, 7 ocH, 7 ocH, "

solvent in the resist decreases when the soft-baking
Figure 3. Mechanism of structural transformation in the zwitter-polymer resist upon  temperature is raised. The resist at lower soft-baking
electron-beam irradiation. temperature has more solvent and, hence, greater
subsequent electron-beam absorbance ability, than a
resist that experienced higher-temperature soft-bak-

l——— Positive tone ——»«——— Negative tone ———] ing conditions. As a result, a lower soft-baking temperature
causes a higher number of repolymerization species (Fig. 3,

step V) and leads to a wider line.
Table 1. Contrast ratios (y) and threshold doses (Ey,) for the zwitter-poly-
A B C mer resist at various thicknesses. The definitions of contrast ratio and
r threshold dose are provided in a previous publication [29]. Soft baking
was performed at 110°C for 90 s and post-exposure baking at 125 °C for
0.5 1 2 2.5 3

B W (o)

(=3 (=3 (=

(=} (=] (=]
T T

Normalized thickness (nm)
8
IS

200 r
100
0 60 s.
0 1.5
log[Dose (uC/sz)] Resist thickness Positive resist Negative resist
[nm] 4 Ein [0C/cm’] 14 Ein [0C/cm’]
Flgure 4. Sensitivity curves for the ZW|tter—po|yr.ner resist, upon |rrad|at|o.n 302 3.49 36 415 220
with an electron beam of energy 40 keV, for various film thicknesses. Posi-
. . . . 427 9.24 39 4.82 260
tive-tone (A to B) and negative-tone (B to C) behavior of the zwitter-poly-
523 9.49 5 5.82 320

mer resist is observed.
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Figure 5. The effect of soft baking and post-exposure baking on the trench
width of the positive zwitter-polymer resist.
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Figure 6. The effect of soft baking and post-exposure baking (PEB) on the
line width of the negative-tone zwitter-polymer resist.

In contrast, the line width increases upon increasing the tem-
perature of post-exposure baking from 100 to 130 °C under the
same soft-baking conditions. That is to say, the effect that post-
exposure baking has on the negative resist (Fig. 6) is similar to
that which it has on the positive (Fig. 5), but the reaction mech-
anism is different from the one mentioned above. The higher
post-exposure baking temperature results in more crosslinking
and, therefore, the line width increases accordingly.

2.5. Resolution of the Positive and Negative Resists
2.5.1. Positive Resist (Linear Acrylic Resin)

Figure 7a shows the relationship between the designed
trench width and the measured trench width for various doses
of electron-beam irradiation. Interestingly, the measured
trench width increases linearly with the designed trench width
for the given doses, suggesting that the zwitter polymer is suit-
able as a positive resist, and can be controlled. Furthermore, as
shown in Figure 7b, the measured trench width increases with
the applied dose for all the designed trench sizes investigated.
The measured trench width is equal to the designed trench
width at a dose of 8.5 pCcm™. Figure 7c shows the minimum

Adv. Funct. Mater. 2005, 15, 1147-1154
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Figure 7. The effect of dosage on pattern resolution for the positive zwit-
ter-polymer resist: a) plot of obtained trench width versus designed trench
width; b) plot of trench width versus dosage for given designed trench
widths. ¢) SEM image of dense trenches 92 nm wide; the arrows highlight
a single trench, and the vertical dashed lines are used to indicate their
straightness; the horizontal dashed lines demarcate the region in which
the height-profile line scan shown at the bottom was obtained. d) In-line
SEM image of a hole 115 nm in diameter; the line scan at the bottom is a
height-profile of the sample taken along a line in the region demarcated by
the dashed white horizontal lines.

resolution of dense trenches, 92 nm, obtained using an irradia-
tion dose of 7 wCcm™. These trenches are all very straight and
the line-edge roughness (LER, 30) is about 2.1. Figure 7d
shows an in-line SEM image of a contact hole; the minimum
resolution is about 115 nm.

2.5.2. Negative Resist (Crosslinked Acrylic Resin)

Figure 8a illustrates the relationship between the designed
and measured line widths at various electron-beam doses. The
measured line width also increases linearly with the designed
line width for the given doses. This observation also suggests
that the zwitter polymer is suitable as a negative resist, and can
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Figure 8. The effect of dosage on pattern resolution for the negative-tone
zwitter-polymer resist: a) plot of obtained line width versus designed line
width; b) plot of obtained line width versus dosage for given designed line
widths; ¢) SEM image of dense lines 104 nm wide.

be controlled. Again, the measured line width increases with in-
creasing applied dosage for all the designed line widths investi-
gated, as displayed in Figure 8b. The measured line width is
equal to the designed line width at a dose of 880 wCcm™. The
minimum resolution of dense lines is 104 nm as indicated in
Figure 8c, and this was achieved by using a dose of 900 uC cm™.
These lines are also very straight, and the line edge roughness
(LER, 30) is about 2.2.

2.6. Etching Behavior of the Zwitter-Polymer Resist
A reactive-ion etcher was used to evaluate the etching resis-

tance for both the positive and negative zwitter-polymer resists
on a silicon dioxide layer. The feeding gas was a mixture of ar-

www.afm-journal.de

gon, CHF3, and CF4. The chemical species present in the plas-
ma are expressed by Reactions 1-7.3°31]

Ar+e > Art+2e” 1)
CF,+e »>CF; +F +e” 2)
CF;*+F —CF, ®)
CF4+2¢ —CF3 +F “4)
CHF3;+e —CF; +H +e” 5)
CF;"+ CF; = G,F (6)
SiO, + CF5;" + F — SiF, + CO, @)

The CF;" and F~ species generated in the plasma react with the
silicon dioxide film to form the volatile species, SiF, and CO,,
and therefore, the silicon dioxide film becomes etched. In addi-
tion, these generated radicals, atoms, and ions can also react
with the zwitter-polymer resist to form various volatile prod-
ucts, such as CO, CO,, H,O, OH®, and COF,. Therefore, the
plasma resistance of the resist is very critical for ensuring etch
reliability. Figure 9a shows that the etching rate decreases with
increasing CHF; content in the CHF3/CF, mixture for both the
zwitter-polymer resist and the silicon dioxide film. This obser-
vation can be explained by the role of CHF; in the plasma,

350 120
a
= | |
g 320 100
g -¢- Thermal oxide
£ 290 [ | o Ppositive tone 7 80
2 =+ Negative tone
-
o0 260 1 60
g
S —>
5 230 4 40
200 20
0 0.2 0.4 0.6 0.8 1 1.2
CHF,/(CHF;+CF,)
14
b -o-Positive tone selectivity
12 1 -4 Negative tone selectivity
>
s 100
E
’ | ‘////‘/‘
6 .
4
0 0.2 0.4 0.6 0.8 1 1.2

CHF,/(CHF+CF,)

Figure 9. a) Etching rate and b) etching selectivity of the zwitter-polymer
resist.
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from which H" and CF;™ are generated. CF;™ can retard the ac-
tivity of CF5;" in the plasma, and thus results in a decrease in
the etching rate. Interestingly, the etching resistance of the neg-
ative zwitter-polymer resist is slightly lower than that of the
positive resist at any gas composition. This finding suggests that
the negative resist, which is formed by a very high electron-
beam dose (>240 pCcm™>), may cause porosity in the cross-
linked structure, resulting in a lower plasma resistance than
that of the positive resist. It has been reported[32’33] that elec-
tron-beam exposure can stabilize a resist film and enhance its
etch resistance. However, this is valid only for films exposed to
relatively low doses of electron-beam irradiation. It can be con-
cluded that low-dose electron-beam exposure facilitates etch
resistance of the resist, but high-dose exposure (>240 uCcm™)
results in the inverse effect.

Figure 9b illustrates the etch selectivity (etch rate of silicon
dioxide relative to that of the zwitter-polymer resist) for var-
ious compositions of the etching gases. The etch selectivity in-
creases from 7.9 to 10.7 for the positive resist upon increasing
the CHF; content, whereas it increases from 5.9 to 8.5 for the
negative resist. In general, the etch selectivity of the positive
resist is better than that of the negative resist because of the
dose effect. The better etch resistance of the zwitter-polymer
resist (selectivity >5) emphasizes its potential for use in pat-
terning silicon dioxide layers.

3. Conclusions

The structure of a resist polymer—linear or crosslinked, or a
mixture of both—can be controlled by electron-beam irradia-
tion. Structural transformation of the acrylic resin from linear
to crosslinked makes it suitable for application as positive and
negative resists. The acrylic resin, a zwitter-polymer resist,
behaves like a positive resist for doses in the range
3-300 uCcm™, and a negative one for doses >300 uCcm™.
The contrast ratio for the positive resist is about twice that of
the negative one; the lower contrast ratio of the latter is caused
by the higher threshold dose. The opposite trends in the inten-
sity of the characteristic absorption band at 1612 cm™ with in-
creasing irradiation dosage for the two resists, is a result of the
different structures of the resist polymers (i.e., linear (positive
resist) versus crosslinked (negative resist)). The chemical-chain
scission that occurs at low electron doses and the crosslinking
that occurs at high dose (evidenced by the change in intensity
of the characteristic absorption band at 1612 cm™) are respon-
sible, respectively, for the positive- and negative-resist behav-
ior. In the positive resist, the solvent content at various soft-
baking temperatures affects the pattern resolution, whereas
the diffusion distance of the acid generator at various post-ex-
posure baking temperatures affects the pattern resolution. In
the negative resist, various soft-baking temperatures affect the
pattern resolution, whereas the degree of crosslinking at var-
ious post-exposure baking temperatures affects the pattern res-
olution. The measured trench width is equal to that of the de-
signed trench at a dose of 8.5 uCem™ for the positive resist,
and at a dose of 880 uCcm™ for the negative resist. Electron-

Adv. Funct. Mater. 2005, 15, 1147-1154
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beam exposure facilitates etch resistance of the zwitter-poly-
mer resist in the low-dose region, but higher dose exposure re-
sults in the inverse effect.

4. Experimental

Materials and Sample Preparation: The ArF photoresist for electron-
beam exposure was obtained from the Sumitomo Chemical Company
of Japan. The ingredients of this resist are 45-60 % propylene glycol
monomethyl ether acetate, 3040 % ethyl lactate, 5-20 % acrylic resin,
and <1 % of an acid generator. Electron-beam exposure was carried
out using a Leica Weprint Model-200 Stepper (Jena, Germany). The
electron-beam energy was 40 kV, the beam size was 20 nm, and the
beam current was 40 A cm™. The AD-10 developer used was an aque-
ous solution containing 2.38 % tetramethylammonium hydroxide (Ke-
mitek Industrial Corp., Taiwan). Pattern dimensions were evaluated
using an in-line scanning electron microscope (Hitachi S-6280H, Tokyo,
Japan). The ArF resist was spun as a film onto a six inch
(1 in.=2.54 cm) silicon wafer at spin rates of 2000, 4000, or 6000 rpm
(30 s duration) to give resist thicknesses of 302, 431, or 528 nm, respec-
tively. An FTIR spectrometer (Bio-Rad, Model FTS-40, MASS, USA)
was used to evaluate the variations of the resist structure during elec-
tron-beam exposure. The glass-transition temperature was measured
using a differential scanning calorimeter (Seiko SSC-5000).

Sample Preparation for Plasma Etching Resistance: To test the plas-
ma-etching resistance, a silicon wafer was first primed with hexa-
methyldisilazane (E. Merck, Darmstadt, Germany) and then the resist
was dispensed onto the wafer. The coating process was conducted by
spinning at 4000 rpm for 30 s. After soft baking (110 °C, 30 s), electron-
beam exposure and post-exposure baking (120°C, 30 s) were con-
ducted. The sample was then developed with 2.38 % (w/v) tetrameth-
ylammonium hydroxide, followed by hard baking (120°C, 30 s). The
sample prepared above was then transferred to a reactive-ion etcher
(Tokyo Electron Limited, Model TE-5000, Tokyo, Japan) to evaluate
the plasma etching resistance of the resist. The ion etcher possesses a
380 kHz radiofrequency generator that was applied to both the upper
and lower electrodes in a power-split mode. The respective tempera-
tures of the upper, intermediate, and lower electrodes were 20, —13,
and 40 °C, respectively. Helium gas was introduced to the wafer and
the lower electrode during plasma etching, to ensure better thermal
conductivity. The operating conditions of the etcher are listed in
Table 2.
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Table 2. Operating conditions for the reactive-ion etcher (1 torr=133 Pa).

Step 1 Step 2
Pressure [torr] 0.2 0.2
Radiofrequency power [W] 0 500
Gas flow rate [cm® min™']
Ar 400 400
CHF, 10-30 10-30
CF,4 30-10 30-10
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