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ABSTRACT
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r systems as well as the co-

In contrast, fluorine incorporation into the ester group
of methacrylate polymers (e.g9.. [ICHC(CH,) (COCH-
(CFs)s) )a) was found to enhance the chain scission
suscentibility over that of the classical system, poly-
(methyl methacrylate) (5).

Suca studies provide the fundamentally lmmm
radiation G-values and allow successful prediction of
radiation resist behavior for integrated circuit fabrica-
tion applications. We now report further novel fluorine-
containing polymers including those where the -
substituent is —F or —CF,, as well as copolymers of
2,2 3-triffuoroethyl methacrylate (TFEM) with meth-
acrylonitrile (MCN). The monomer «-trifiuvoromethyl-
acrylonitrile (TFMAN) was copolymerised with meth-
acrylonitrile and methyl methacrylate (MMA), while
methyl e-triffucromethylacrylate (TFMMA) was oo-
polymerized with methyl methacrylate. The rediation
degradation susceptibilities, electron beam sensitivities,
and plasma etch rates for these systems have besn ob-
tained. The structural formulas and designated abbre-
viations used throughout the paper are shown ea the

following page.
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These polymer structures are of particular interest in
view of Kakuchi’s report (7) that the electron beam
sensitivity of poly (hexafiuorobutyl methacrylate) was
4 x 10-7 C/cm? and its x-ray sensitivity was 48 times
more sensitive than poly(methyl methacrylate), ¢.g.,
PMMA. They represent new structures in a larger pro-

in our laboratories to ascertain the radiation

tion susceptibilities, electron beam behavior,

plasma etch rates of potential resist polymers as a
function of polymer structure (8-16).

Enperimentel

Polymer molecular weights were determined by gel
permeation chroma (GPC) or membrane
(MOSM). G was performed using a
Water Associates Model 201 chromatograph equipped
with four columns (exclusion sisss: 109,
105, 10¢, and 10%). GPC measurements were made at a
flow rate of 1.0 em?/min of CHCl,, THF, or DMF; the
solvent used was dictated by the copolymer solubility.
method used to

!

[
-

(seigsion), G,, and G(cross-link), G,, were carried o
as doseribed previously (8-13).

RADIATION DEGRADATION 1

The synthesis of methyl a-fluoroacrylate, MFA, has
been described elsewhere (14) and the preparation of
trifluoromethacrylonitrile and methyl a-trifivoro-
methylacrylate will be described subsequently (15).
The MFA/MCN copolymers were prepared by emul
sion polymerization at 50° using KsS:0s as the initiator
and sodium lauryl sulfate as the surfactant. The emul-

ing the emulsion method described above for MFA/
MCN copolymerizations and the conditions and results
are in Table IL

Trifiuoromethacrylonitrile was copolymerized with
MMA or MCN by bulk polymerization using azobisiso-
butyronitrile (e.g., AIBN) as the initiator. The mono-
mers and AIBN were weighed into an ampul and the
solution was degassed by three alternate vacuum freeze

Plasma etch rates were obtained with either an IPC
4008 or Tegal 431 reactor. The rf power etching
was 100 and 150W for the 1PC 40056 and the Tegal 431,
respectively. The were 0.7 and 0.5 Torr of

Reswits end Discussion

The MFA/MCN copolymers, when y-irradiated in
vecwo, predominantly degrade, as shown in Table III.
The MCN homopolymer exhibits a large (3.3) value of

Toble 1. Molsouiar weights and compesitions of fusring-senteining
viayl polymens and copshmen
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Table 1. Summary of the enperimentel conditions ond results in the synthesis of
MFA, TFEM, TFMAN, and TFMMA copelymen
Menemer
%‘o’r Surfsetant Poiymer
M) M (8) (T} SL8* (g) Temp. (°C) Time (hr) Yield (%) ‘e (QVG) (™17 me)
'A(10 18
WA 253 o 0" ] 5 1 4 7
'A(37) (19) 0.08 4 » a (¥ ] /
i ] o 3 - - o 2
$) (3) 3 [} : E 1.0 /31
(1) % 1] - [ ] ] 201 "9
(8 (') - . “ : °r Y
(1) (1] - » "4 t: 4/
(N (1) - - -1 i " Yy e
(19 ( by - - - » o 11/80
¢ Measured in acetenitrile st 30°
:Iu-_ul in asstons at g'.
0& resstions empleyed ABIN as the initister.
Teble 1il. Radiation dogradation susceptibilities of
Huorine-contoining heme- oneg copolymens®
Polymer or g-oo'\* G Gs Ge — s G Gs
cepolymer MOROWMer ( 'OCI) ('GPC) (lo.ll) (GPC)
o s b ra i
5 » 'y 13 10 0
16 .1; 3.3 30 3] [
- 0 13 16; 18 3 °
m“ iy ¥ Y v o
( MCN) —A 4 ¥] $4;38 V] L]
-8 13 3 3.6 .3 [}
P(TTMAN-co-MMA) —A [] .0 36,23 .0 []
-8 l: .1 13 .1 0
P(TFMMA-co-MMA) —A ¥ 18 ! ] ol
- 1 3.4 .0 2.4 [}
PMMA [} 3 14 3 [

-‘:tﬂlmmmwmmmmuumm
] Rel. (1).

G, and G, is zero, whereas the MFA homopolymer is a
negative resist (G, — G, = —1.1). As one increases
the MFA content of MFA/MCN copolymers from 16 to
20 to 490 mole percent (m/o), the values of G, fall from
2.3 t0 2.0 to 1.9, respectively. It is remarkable that the
G, value is zero for both the 16 and 20 MFA m/o co-
polymers and that of the 40% copolymer is almost zero
(i.e., 0.08) when the G, value for the MFA homopoly-
mer is about +1. Apparently, the cross-linking is a
second-order process which is largely “diluted out” in
the copolymer samples. These results are graphically
displayed in Fig. 1. As we recently found for other
€opo rs, G, is approximately linearly related to the
M,/Ms composition and G, varies as a power depen-
dence was previously shown for several copoly-
mer systems including: methyl a-chloroacrylate/meth-
acrylonitrile (4), methyl a-fluoroacrylate/methyl
methacrylate (0), e-chloroacrylonitrile/methyl meth-
acrylate (18), and vinylidene chloride/methyl meth-
acrylate (16). The G, experimental values all fall be-
low thoee predicted by a straight line drawn between
the homopolymer values,

The houwpolymer of 2,2,2-trifluoroethyl methacry-
late, TFEM, and its methyl methacrylate, MMA, co-
polymers were shown to be positive resists. The homo-
polymer exhibits G, = 2.3 and G, = 0. Similarly,
TFEM/MCN copolymers degrade efficiently over the
entire M,;/M; composition range and no evidence for
cross-linking was found (e.g., G; = 0, see Table III).
Since G; = 0 for both the homopolymers of TFEM and
MCN, this was expected for the copolymers. As the
MCN content increases, G, increases.

All these copolymers have a greater propensity
scission than MMA. The MCN component domi-
becsuse PMCN has the larger homopolymer G,

i

nates
value,

The goal of examining the effect of a-trifluoromethyl
substitution was achieved by (i) preparing a-trifluoro-
methylacrylonitrile and methyl a-trifiuoromethylacry-
late, (ii) copolymerizing the former with MMA and
MCN, and (iii) copolymerizing the latter with MMA.
Radical initiated homopolymerizations of these new
monomers were sluggish and their homopolymers were
not examined. Since the C-F bond is stronger than the
C-H bond and F is much more electronegative than H,
the effect of replacing —CH; by —CF; on chain scission
was of interest. As shown in Table III, the incorporation
of 9 or 32 m/0 of TFMAN into TFMAN/MMA copoly-
mers causes a large increase in G, (e.g., to 3.1 in the lat-
ter case vs. G, = 1.3 for PMMA). No tendency to cross-
link was found for TFMAN/MMA, TFMAN/MCN, or
TFMMA/MMA copolymers (e.g., G; = 0). The
TFMAN/MCN copolymers degrade with approximately
the same propensity as PMCN. Furthermore, when
only 11% TFMMA is incorporated into the TFMMA/
MMA copolymer, G, increases to 2.4 from its value of
1.3 for PMMA. Taken together, these results show that
an a-CF; group at a quaternary position leads to ready
radiation degradation.

These systemns were next studied as electron beam
resists. Lithographic images can be developed with
poly (methacrylonitrile), PMCN, but toxic nitrile de-
velopers need to be used. However, PMCN does have a
high glass transition temperature (Tg = 120°) and
good plasma etch resistance. Thus, its copolymers,
which are soluble in a variety of solvents, are logical
resist candidates. Poly(2,22-trifluoroethyl methacry-
late), PTFEM, exhibits an electron beam sensitivity of
2-3 x 10-3 C/cm? which is 1.6 X more sensitive than
PMCN, but PTFEM has a lower T, (69°) and a poorer
CF4/Og etch resistance than PMCN (i.e., 230 A/min for
PTTEM ve. 38 A/min for PMCN), The TFEM/MCN
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Fig. 1. G, and G, vs. m/o MFA for irradiated MFA/MCN co-
polymers. The solid line (lower) is o least squares fit of all G,
data. The triangles are GPC duto, the closed circles MOSM dota,
ond the open circles GPC datu. The upper solid line is o power
curve fit of the G dota, Gz = 9.44 X 1010 [MFA]43, The dosh
line it a straight line connecting the homopolymer G, volues.

copolymer system should blend the better characteris-
tics of both homopolymers. Indeed, the 69/31 TFEM/
MCN copolymer (G, = 2.2, G; = 0) was found to have
an intermediate glass transition temperature of 86° and
an intermediate CF/O; etch rate of 93 A/min while
maintaining a sensitivity 3-8 times higher than that of
PMMA (i.e, Q = 3-4 x 10~-5 C/cm? for this copolymer
v8. Q = 20 x 103 for PMMA, 5-7 % 105 C/cm? for
PMCN, and 2-3 x 10—5 C/cm?2 for PTFEM).

The observed E-beam resist sensitivity of the 70/30
TFEM/MMA copolymer (2-3 x 10-5 C/cm?) is very
close to that of the PTFEM homopolymer value. Since
this copolymer, like the 69/31 TFEM/MCN copolymer,
contains about 70% TFEM, these sensitivities are not
surprising. Approximately half of the increase in sen-
sitivities vs, PMMA can be accounted for on the basis
of the larger copolymer G, values. The remainder must
be attributed to dissolution rate effects caused by the
buildup of deesterification radiation products (e.g., CO,
COs, CH3CF, etc.) in the polymer.

The MFA/MCN copolymers behave as positive re-
sists. When the MFA concentration is =50%, however,
the resist dose working range gets prohibitively small
and swelling of the resist becomes unacceptably poor,
as is observed for the negative behaving PFMA homo-
polymer. At 20/80 MFA/MCN, however, the copolymer
performs well and swelling is minimal. The sensitivity
of the 20/80 MFA/MCN copolymer is very close to that
of PMCN, and its Tg is higher. The etch rates for all
the MFA/MCN copolymers are low as expected, based
g’ﬁm low etch rates of PMFA and PMCN (see Table

s
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Table {V. Plosma etching rotes and olectron boam sonsitivities
of fluorine-contoining homo- and copolymers

¥-con- nal "
Polymer or monomer o:c': (uo” .1%' '
¥ x

ocopolymer (m/0) (A/mip) C/c®
PFMA 100 ® >>1r
P(MFA-co-MCN)~—A [ ] % >-
P(MFA-co-MCN)—B % » [
P(MFA-co-MCN)—C l: g ;—1
PFEM oo MCN)—B 19 2 i
P{TFEM-co-MMA 70 -— 23
P(TFMAN-co-MCN)—B 13 3 [
P{TFMAN-co-MMA)—B 32 ”» 3
P(TFMMA-co-MMA)—B 11 100 13
PMMA [ 100 0
P(TFEM-co-MMA )¢

¢ Using CF./O: plasmas (soe Experimental section).

b A negative restst at 10 keV.

¢ Resist swells badly (see text).

"l'm.rolymcr exhibits a T¢ of 75° which is between that of
PMMA (108°) and PTFEM (090°).

The effect on lithographic properties of incorporat-
ing an a-trifluoromethyl group can be illustrated by
the 32/68 TFMAN/MMA copolymer (Table IV). Its
electron beam sensitivity was 3 x 10-% C/em? which
is about the same as that exhibited by P(TFEM) and
6-7 times that of PMMA. This is consistent with its
high observed G, value of 3.1 and undetectable (i.e.,
G: = 0) cross-linking propensity. Another benefit is
this copolymer’s relatively high T, vaiue (98°C).
Finally, the incorporation of 32 m/o0 TFMAN reduced
the CF,/O; plasma etch rate from 100 A/min for PMMA
to 79 A/min. Clearly, the incorporation of —CF; at the
alpha position leads to improved resists.

The same beneficial properties were observed for
the 12/88 TFMAN/MCN copoiymer. Its etch rate (33
A/min) was slightly lower than that of PMCN (36 A/
min) and its sensitivity (5§ x 108 C/cm?) was slightly
better than that of PMCN (see Table IV). Even the
incorporation of only 11 m/o of TFMMA into an MMA
copolymer increased the electron beam sensiivity from
20 x 10-3 to 15 x 10-5 C/cm2 This correlates with
this copolymer’s high G; value of 2.4 and G, = 0. Thus,
the o-CF3 group appears to be a very promising struc-
tural feature to incorporate into electron beam litho-
graphic resists, Synthetic work to prepare copolymers
with higher TFMAN and TFMMA contents are now

underway.
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