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Parameters Affecting the Electron Beam Sensitivity of

Poly(methyl methacrylate)

Abstract: Poly(methyl methacrylate), PMMA, is used as a model polymer to determine quantitatively the effect of molecular weight,
molecular weight distribution, and tacticity on electron beam sensitivity. The heterotactic, syndiotactic, and isotactic stereoforms of
PMMA were synthesized with molecular weights ranging from 10" to 107 and dispersivities from 1.2 to about 10. The G-values as de-
termined by gamma radiation are about 1.3 and are independent of the three parameters. However, the solubility rate of PMMA is
very dependent on the tacticity, and the relative solubility rates are in the order syndiotactic < heterotactic << isotactic. The weight-
average molecular weight ratio was found to give a better correlation with solubility rate ratio than the number-average molecular
weight ratio. The molecular size of the developer solvent was shown to have a much greater effect on the solubility rate than the mo-
lecular weight of the resist. An optimal developer solvent for PMMA can be systematically selected from a homologous series of n-

alkyl acetates which enhance the resist sensitivity.

introduction

Poly (methyl methacrylate), PMMA, has been used as
the model polymer by many investigators to study the
radiation properties of polymers that primarily degrade
or undergo scission when irradiated [1-3]. Consequent-
ly, this class of polymers has been investigated as posi-
tive resists for electron beam lithography [4-6].

It has been qualitatively demonstrated that the elec-
tron beam sensitivity of PMMA and other positive resist
systems does not have fixed values. The sensitivity is
interpreted here as the minimum radiation dose required
to obtain a predetermined solubility rate ratio, /S, =
Sz Where S and S, are the solubility rates of the irradiat-
ed and non-irradiated regions of the resist, respectively.
The system and material parameters influencing sensitiv-
ity are beam acceleration voltage, resist thickness, de-
veloping conditions, glass transition temperature, chemi-
cal nature, G-value (number of chemical events pro-
duced per 100eV of absorbed radiation), molecular
weight, and molecular weight distribution [7-12].

It has been reported [4] that the sensitivity of a posi-
tive resist, in contrast to that of a negative resist, is inde-
pendent of the initial molecular weight and the molecular
weight distribution of the polymer. This conclusion was
based qualitatively on the difference in solubility (a ther-
modynamic property) of the exposed and unexposed
resist. However, this conclusion may not be valid since
the image in a positive resist is developed by differences
in the solubility rates (a kinetic property) and not by
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differences in the solubility of the resist. An expression
that relates the theoretical dependence of the degraded
molecular weight to the initial molecular weight for any
polymer undergoing random scission [1] has been used
to demonstrate the importance of high molecular weight
among the factors affecting sensitivity [12]. In addition,
the contribution of molecular weight distribution to the
sensitivity of a positive resist has been demonstrated
theoretically and experimentally with PMMA [13].
However, there are still many unanswered questions
regarding sensitivity. This investigation was carried out
primarily to determine more quantitatively the depend-
ence of the chain scission efficiency (G-value) and the
solubility rate ratio (S;) on molecular weight (weight
and number averages), molecular weight distribution,
and polymer stereochemistry. In addition, the effect of
the molecular size of the solvent developer was investi-
gated to determine its contribution to the resist sensitivi-
ty. Heterotactic, syndiotactic, and isotactic PMMAs
with molecular weights from 10* to 107 and dispersivities
from 1.2 to about 10 were synthesized for this study.

Experimental

e Materials

Methyl methacrylate monomer was passed through a
column containing neutral grade alumina to remove the
inhibitor (10 ppm methylethylhydrogquinone) and was
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collected over calcium hydride. The fraction distilling at
40°C (313 K) and 100 mm Hg (13.3 kPa) pressure was
collected and used for preparation of the polymers.

Polymerization procedures

Several synthetic techniques were used to obtain poly-
(methyl methacrylates) of very low, high, and very high
molecular weight as follows:

Very low molecular weight PMMA was synthesized by
the dropwise addition of methyl methacrylate monomer,
50 g (0.50 mole) containing 1.2 g (5 X 10~® mole) ben-
zoyl peroxide to 200 ml refluxing toluene solvent under
nitrogen [14]. After 1.5 hours, the polymer was precipi-
tated in cold acidified methyl alcohol. Repeated precipi-
tation from acetone/methyl alcohol removed the oligo-
meric fractions. After vacuum drying at 338 K for 48
hours, 20 g (40 percent yield) white polymer were ob-
tained with M, = 18100, M, = 15400 and M /M =
1.18.

High molecular weight PMMA was prepared in a sealed
two-liter Parr stirring-type stainless steel pressure reac-
tor. The reactor was charged with 250 g (2.5 mole)
MMA monomer, 0.45 g (0.005 mole) ¢-butyl hydroper-
oxide, and 750 ml toluene, and then heated at 343 K for
48 hours. The amount of polymer obtained was 72.1 g
(30 percent yield) with M = 1.972 x 10°, M = 747 x
10°, and M/ M, = 2.64.

Very high molecular weight PMMA was prepared by
microwave initiation as follows: Ten-ml aliquots of
MMA containing r-butyl peroxide as initiator were sy-
ringed into clean, dry vials and sealed under nitrogen.
The vials were irradiated in a microwave oven at 2450
MHz at 0.5 mA for one minute or 0.3 mA for two min-
utes to activate the hydroperoxide. The samples were
set aside for 100 hours at 25°C or 24 hours at 70°C.
Both conditions gave essentially the same high M poly-
mers: M, =9.40 x 10°, M, =2.16 x 10°, and M/ M, =
4.35 by gel permeation chromatography (GPC). The val-
ue of M was also determined by low angle laser light
scattering as 9.10 x 10°.

Isotactic PMMA was prepared in toluene at 0°C with
phenylmagnesium bromide as the catalyst, to give, after
4 hours, an 82.3 percent yield of 100 percent isotactic
product [15]; M = 2.71 x 10°, M, = 1.20 X 10° and
M,/ M, =226

High syndiotactic PMMAs were synthesized anionically
using 2-(dimethylaminomethyl) -pyridine, DMAMP,
as the cocatalyst in an inert atmosphere of dry nitrogen or
argon. Fifty ml of THF (from LiAH,) were distilled into
a 125-ml serum bottle, to which 0.33 ml of 1.9 N -
butyllithium in n-hexane was added. This was followed
by the addition of 0.22 ml of DMAMP and the deep red-
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orange reaction mixture was cooled to 183 K. Ten ml
(9.4 g) of MMA were added and an instantaneous,
quantitative polymerization took place. The product
was dissolved in CHCI,, precipitated in excess MeOH
and vacuum dried with the result that M = 32500,
M, = 19100, and M/ M = 1.70. The percentages of I,
H, and S by proton nuclear magnetic resonance measure-
ments were 0, 18, and 82, respectively.

A similar reaction was carried out by dissolving 0.1 g
(0.0006 mole) recrystallized and dried fluorene in THF
prior to the addition of n-butyllithium, thus forming flu-
orenyllithium as the catalyst. This product yielded M =
350300, M, = 239600, and M_ /M, = 1.46, with per-
centages of I, H, and S, also 0, 18, and 82, respectively.

e Stereochemical assignments

The stereochemical assignments for the methacrylate
polymers were determined in o-dichlorobenzene at
148°C with a Varian HA-100 NMR spectrometer using
hexamethyldisiloxane as an internal standard [16]. The
peak areas resulting from the a-methyl protons in the
isotactic, heterotactic, and syndiotactic triads at & =
1.22, 1.05, and 0.91 ppm, respectively, were measured
with a planimeter and by a weighing technique.

e Molecular weight characterization

The chromatograph used in this study to determine the
molecular weight of the polymer fractions before and
after radiation was equipped with an automatic injection
system and five fractionating columns with permeability
limits of 500, 50, 10, 1, and 0.1 wm.

Samples were prepared by dissolving the polymers in
CHCI, (distilled in glass with one percent ethanol as
preservative) to make a solution with weight concentra-
tion between 0.15 and 0.20 percent. The samples were
then injected into the automatic sample injector of the
chromatograph by a syringe equipped with a 0.5 um fil-
ter. All analytical determinations were at ambient tem-
perature and at 1 ml/min (1.67 X 10°m’/s) flow rate.
To prevent sample degradation, approximately 0.1 per-
cent of Tonol (Shell Chemical Co. trademark) stabiliz-
er was added to the sample solution.

The molecular weight distribution of the polymer
samples was calculated from the GPC chromatograms
using the universal calibration method proposed by
Benoit [17]. The Mark-Houwink constants used in
these calculations were obtained from light scatter-
ing/ intrinsic viscosity measurements; details of this tech-
nique are described elsewhere [18]. The applicability of
the universal calibration method for estimating the mo-
lecular weights from the GPC chromatogram was veri-
fied by comparing the values of M obtained by GPC
with those obtained by a low angle light scattering tech-
nique [19].
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s y-irradiation

All polymer samples were carefully purified by dissolv-
ing them several times in appropriate solvents and repre-
cipitating them in cold methanol. The samples were
dried in a vacuum oven at 60°C for 12 hours, measured
into glass tubes, evacuated to less than 1 mm Hg pres-
sure, and then sealed. The samples were irradiated at the
facilities of International Nutronics Inc., Palo Alto, Cal-
ifornia, at gamma radiation dosages of 0.25, 0.50, 1, 3, 5,
and 10 mrad.

s Resist evaluation

Resist films (1 wm thick) were spin-coated on SiO, sur-
faces from seven percent solutions in chlorobenzene
with a Headway Research Model EC-101 spinner. The
films were prebaked for one hour in air at 145°C, and the
thickness of the resist and oxide films determined using
a Rank Talystep instrument. The resist films were ex-
posed to measured doses of 15kV electrons with a scan-
ning raster-type electron beam and then developed in
appropriate solvents.

Results and discussion

¢ Radiation G-value

Molecular weight stereochemistry effects
For polymers which undergo random chain scission and
cross linking, the number-average molecular weight of
the exposed polymer M* can be expressed in terms of
the initial M, the overall G-value (G), and the dosage
(Q) as follows [1]:
1 1 N GQ

M} M_ ' 100N’

(1)

where G = G, — G, and N, is Avogadro’s number; Q
has the units of electron volts per gram; G has the units
of the number of effective scissions produced per 100
eV of energy absorbed; and G, and G _ are the scission
and crosslinking G-values.

Equation (1) permits calculation of the G-value from
the M, as determined by GPC and the dosage @ be-
cause the slope of the plot of 1/M} versus Q is
G /100N . Equation (1) assumes G to be independent
of molecular weight. However, the molecular weight
limits and the tacticity effect on G have not been deter-
mined. The literature [20~23] reports values of G for
PMMA from vy-radiation ranging between 1.1 and 1.69.
However, the effect of the initial M has not yet been
reported. Since the contribution of the end groups of the
polymer to its physical and chemical properties becomes
more pronounced as the molecular weight approaches
that of oligomers [24], it is suspected that some anoma-
lies in the G-value in the M} versus Q relationship may
take place in low molecular weight polymers.

MARCH 1977

SOt
7
Isotactic PMMA
70 b~
60 |-
Heterotactic PMMA
S0
1
1
o [ ]
40 I/
—~ / Syndiotactic PMMA
T &
= 1
Z Vi
=
= 30
S~
= 1 1 1 1
0 2 4 6 8 10
Dose (Mrad)

Figure 1 Determination of G-value from 1/ M versus dosage
of low molecular weight tactic PMMAs.
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Figure 2 Determination of G-value from 1/ M, versus dosage
of high molecular weight tactic PMMAs,

Plots of the inverse number-average molecular weight
versus y-radiation dosage (in megarad) for the three tac-
tic PMMASs of low and high initial (before exposure)
molecular weights are shown in Figs. 1 and 2, respec-
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Figure 3 Change in heterogeneity index H* versus average
number of scissions per molecule (X) for various initial H
indices.

tively. For PMMAs with initial M above 55000, the
plots are reasonably well represented by parallel straight
lines. The low molecular weight PMMA fractions, how-
ever, show a slightly lower slope and nonlinearity be-
cause of an apparent increase in molecular weight at low
dosage (below one megarad). Currently, there is no
clear explanation for the anomalous behavior of the low
molecular weight PMMAs. However, one might specu-
latively attribute this behavior to an end-group effect.

End groups in PMMA are dependent upon the meth-
od of synthesis. The polymer resulting from a free
radical reaction could have some unsaturated end groups
because of termination by disproportionation [2]. These
groups then could take part in crosslinking reactions. In
anionic polymerizations using n-butyllithium as the initi-
ator, one of the chain ends would be an aliphatic group
five carbon atoms long. Such a molecular structure
would also be sensitive to crosslinking [24, 25]. Thus,
as the molecular weight decreases, the population den-
sity of these crosslinking sites increases, thereby in-
creasing the G values. Since, by definition, the experi-
mentally observed G-value is G, — G, the apparent
decrease in the G-value of low molecular weight PMMA
could be expected. Also, the effects of the end groups
and lower dosages could increase the value of G, over
that of GG, which would result in an overall negative G-
value. This argument could be used to explain the non-
linearity of the 1/ M, dosage plots for the low molecular
weight PMMASs shown in Fig. 1. Although this preced-
ing explanation is highly speculative, the results have
been duplicated. By altering the end groups through the
use of different anionic catalysts, one might gain further
insight.
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Table 1 G-values of tactic PMMASs from y-ray exposure.

PMMA M (107% M,/ M, G
H* 18.5 1.80 1.04
s’ 19.1 1.70 1.04
I 52.2 1.78 1.05
H* 125.0 3.70 1.32
S 206.9 1.46 1.27
I 227.0 1.40 1.34

I"H: heterotactic.
’S: syndiotactic.
s .

I: isotactic.

Table 1 lists the computed G-values from -y-radiation
data of the PMMAs. The results indicate a G-value of
1.31 = 0.04 for PMMAs with M, > 55000 which is in
agreement with the 1.2 reported by Todd [20]. The
lower molecular weight PMMASs (G = 1.04), however,
agree more closely with the 1.1 reported by Kircher et
al. [21]. These results imply that the G-value is inde-
pendent of the molecular weight (M > 55000) [26] and
the tacticity of the polymer.

The dynamics of chain scissions in very thin polymer
films on a substrate that scatters electrons are very
complex in the most general case. To render this com-
plex phenomenon tractable, some simplifying assump-
tions have to be made. By assuming random scission as
the main mechanism for the decrease in molecular
weight, Charlesby [1], Saito [27], Kotliar [28-30],
and Inokuti [31] obtained the moments of the molecular
weight distributions of irradiated polymers. The form of
the expression for M* and other higher moments of the
molecular weight distribution after exposure depends on
the initial molecular weight distribution of the resist.
Inokuti {31] obtained a closed form expression for both
M* and M} by assuming an initial generalized Poisson
(Schulz-Zimm) distribution:

My:=M/(1+X), (2)
and
e Zelg- () e

where X is the number of scissions per initial number-
average degree of polymerization, and v is the broadness
of the initial molecular weight distribution. In terms of
the molecular weight heterogeneity index H, sometimes
referred to as polydispersity index, H=M /M,

y=1/(H—1), (4)

the inverse variance of the molecular weight distribution
multiplied by Mi of the resist before exposure.
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Table 2 Effect of molecular weight distribution on the G-value of PMMA.

Before vy radiation After 3 Mrad G
(calculated)
M (107%) M (107%) M,/ M, M (107%) M (107%) M, /M,

111 57.7 1.92 100.4 46.4 2.15 1.33
1927 819.1 2.36 320.8 139.3 2.29 1.87
2284 403.8 5.67 297.6 141.6 2.09 1.44
1484 257.4 5.78 2513 102.1 2.45 1.86

693 74.5 9.29 153.4 57.4 2.66 1.26
1037 105.7 9.81 2355 74.4 3.14 1.25

In addition to a decrease in molecular weight, random
chain scission also changes the molecular weight distri-
bution. For a truly random scission, H approaches a
value of two at high exposure. The change in H as a
function of the material and experimental parameters
can be obtained from Eqgs. (2) and (3). By definition, at
any exposure

ly affects the solubility rate. (Experimental details will
be reported at a later date.) However, it cannot cur-
rently be said with certainty which, if any, of these
physical and chemical changes controls the dissolution
rate differences. Perhaps because it is the most obvious
and the easiest quantity to measure, the change in the
molecular weight is the popular explanation. Indeed, an
empirical relationship between the solubility rate and

H*= M3/ M. (5) molecular weight has been proposed [32-34]:

Substituting Eqs. (2) and (3) in (5), we obtain S=kM", (7)

ot 2(X*— 1) [1 4 1 ( 1 >1/B] (6) where § is the dissolution rate, and & and « are polymer
X (X— 1) \1+8X ’ and developer material parameters. Care must be exer-

where 8 = 1/vy. It is evident from Eq. (6) that as X
becomes large, H* approaches a limiting value of two.
Plots of H* versus X for different values of the initial H
in Fig. 3 show the rapid approach of H* to its limiting
value at a relatively low value of X. Experimentally,
PMMASs with heterogeneities from 1.9 to 9.8 were ex-
posed at 3 Mrad gamma radiation. The G-values shown
in Table 2, although calculated from only two points,
agree within experimental error with those obtained pre-
viously. The average GG-value was found to be about 1.5
and the molecular weight distribution approached two

cised in using Eq. (7) because of its empirical nature
and because other physical and chemical changes also
occur during irradiation which can affect the solubility
rate. For example, the molecular weight may possibly be
playing the role of an indicator to other changes that
have a more profound effect on the solubility rate.

Using Eq. (7) we can show that the weight-average
molecular weight M provides a better correlation with
the solubility rate ratio S, than does M. We can obtain
Sy in terms of the ratio of the weight-average molecular
weights of the exposed to the unexposed polymer:

M _\%
after irradiation. SR=( ‘I) , (8)
M
or
& Solubility rates and development
SR(I/Ots) — MW/M:E” (9)

Effect of molecular weight/ molecular weight distribution
The formation of a resist image is dependent upon the
difference in the rates of dissolution between the ex-
posed and the unexposed areas. However, due to the
complexity of the physics of the polymer dissolution
process, the fundamental causes of this difference re-
main unknown. There are at least three different phenom-
ena occurring during irradiation of a positive resist
polymer that can be used to explain the difference in
solubility: chain scission, chemical changes, and gas ev-
olution. Recent experiments in this laboratory indicate
that the porosity of the resist film after irradiation great-
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where « is the developer solvent parameter. Combining
Eqgs. (3), (4), and (9) we obtain

<,3‘; I)Xz _ sRu/ns) [X—i— (

1
1+3X)ﬂ_ 1]—0. (10)
To utilize Eq. (10) to describe the electron beam resist
sensitivity, X must be defined in terms of material and
processing variables, i.e., electron beam dosage, G-val-
ue, etc.

If E is the energy absorbed per incident electron in a
unit volume of the resist and G is the number of bonds
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Table 3 Effect of molecular weight distribution on S/S,.

M (107% M_(107% M, /M, 5/855°¢
2295 394 5.9 5.0:£0.5
1930 544 3.5 5.5+0.5
2315 937 2.5 5.5+0.5
2349 1080 2.2 5.0+0.5
2550 1184 2.2 5.540.5
2560 1263 2.0 5.0+0.5

"Exposure density 4 X 107 C/cm® at 25 kV.

"Developer: Isoamyl acetate at 40°C (313 K).

‘Data from N. S. Viswanathan and W. Moreau, IBM System Products Division,
E. Fishkill, New York, private communication, April 1974.

broken per 100 eV of absorbed energy, then the number
of bonds broken per incident electron, unit volume, and
unit dosage is
o~ EG;

" 100qg°

(11)

where g is the electronic charge. Thus, the chain scis-
sion probability 7 is expressed as

_PMO
7TS— ptNA s (12)

where p is the polymer density and ¢ is the film thick-
ness. It follows that the number of scissions per initial
number-average degree of polymerization is

_TrsMn
= M

0

X (13)
where M in Eqs. (12) and (13) is the molecular weight
of the segments between bonds in the polymer main
chain sensitive to electron beam scission. By combining
these equations we obtain

X=®M_Q. (14)

Eqgs. (10), (11), and (14) can now be used to investi-
gate the factors that affect resist sensitivity. The values
of X in Eq. (10) can be obtained numerically by using
Newton’s iterative method for different values of «, S
and S.

One must take into account the variation of the energy
absorbed throughout the exposed volume of the resist. It
has been shown that this spatial distribution is pear-
shaped [35,36]. Consequently, through Egs. (10),
(11), and (14), the value of S, is expected to vary
throughout the exposed volume of the resist. This is sig-
nificant from the standpoint of understanding the factors
that affect the geometry and resolution of the developed
patterns of the resist. It is conceivable that the geometry
of the cross-section of the developed pattern can be
predicted and perhaps controlled if the spatial expres-
sion for @ in the resist is known.

R?
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Figure 4 shows a plot of the solubility rate ratio S,
versus X for polymers with H = 3 at different values of
a,. The S, versus X relationship shows the very large
effect of the developer solvent parameter o, on S;. In
fact, the second derivative of the curves representing the
different values of o, ranges from positive (concave) to
negative (convex). This behavior could have an impor-
tant role in controlling the contours of the cross-section
of the developed pattern. For example, the uneven spa-
tial distribution of the absorbed energy in the exposed
volume of the resist could be compensated by multi-
stage developing (developer solvent programming), i.e.,
with a system containing solutions with different dissolv-
ing rate powers. In this way it may be possible to control
the shape of the cross-section of the developed pattern.

In comparing available experimental data with the
model, Fig. 4 shows that PMMA (M_ = 150 X 10°) de-
veloped in methyl isobutyl ketone (MIBK) closely fol-
lows the curve when o, = 1.3. This agrees reasonably
well with the experimental value of 1.4. Another
PMMA (M, = 600 x 10°) also follows the theoretical
line with an o R 1.2.

Figure 5 shows a plot of S, versus X for o, = 1.0 at
different values of H. This plot illustrates the large con-
tribution of the initial width of the molecular weight dis-
tribution to the solubility rate ratio. This effect can be
further exaggerated or attenuated depending on the val-
ue of «. Figure 5 also shows that the experimental
points (Table 3) show good agreement with the theo-
retical lines suggesting that M, has a better correlation
with resist sensitivity than M,. The six PMMAs in Ta-
ble 3 have very different M, values and yet have very
similar S, values. Note that the products of # and M,
which is equal to M, are very similar for all six resist
materials.

Solubility rates versus solvent molecular size

It had been demonstrated previously that the solubility of
certain polymers in solvents of a homologous series de-
pended upon the molecular size, i.e., molecular weight, of
the solvent [37]. The solubility of the polymer decreased
as the molecular size of the solvent increased. The data
given in Table 4 confirm these results and also show that
the dissolution rates for several molecular weight frac-
tions of PMMA decreased with increasing size of the
alkyl group in a series of n-alkyl acetate solvents. The
logarithmic plot of the solubility rate versus the solvent
molecular weight for these different molecular weight
PMMAs gives a series of lines of increasing slope (Fig.
6). The relationship between these two quantities can be
expressed in an Ueberreiter type equation [33, 34]:

S=k M" (15)

S

This empirical equation represents the dependence of
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Figure 4 Solubility rate ratios (S;) versus average number
scissions per molecule (X) for various a values.

Figure 5 Solubility rate ratios (S) versus average number of

scissions per molecule (X) for a, = one at various H indices.

Table 4 Rates of dissolution in A/min. (10" m/min.) of heterotactic PMMAs at 25°C (298 K) in n-alkyl acetate solvents in a
homologous series.

MW(10"3) Methyl Ethyl n-Propyl n-Butyl n-Amyl n-Hexyl
476 2240 1267 775 120 10 S.
95 4300 3250 1650 210 46 13.
39 4100 2400 1350 300 75 27.

the dissolution rate S on the molecular weight M_ of the
solvent within the homologous series, where k' is a func-
tion of the molecular weight of the polymer and B is a
constant.

The dependence of the dissolution rate on both the
polymer molecular weight and the molecular size of the
solvent is shown in Fig. 7. Two distinct solubility rate
curves of different slope are obtained for each polymer
fraction in solvents from methyl acetate through n-pro-
pyl acetate and in n-butyl acetate through n-hexyl ace-
tate. Consequently, these solubility rate curves permit
the dissolution rate of the resist to be controlled by a
specific developer solvent which is selected from a ho-
mologous class of solvents.
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Solubility rate versus polymer stereoregularity
The influence of the polymer stereoregularity on the dis-
solution rate (Table 5) is shown by the logarithmic plot
of the solubility rate in n-amyl acetate of heterotactic,
syndiotactic, and isotactic PMMASs versus their molecu-
lar weight (Fig. 8). The heterotactic and syndiotactic
polymers have similar slopes, while the isotactic poly-
mer has a much steeper slope. For comparable molecu-
lar weights of the three stereoforms, the solubility rates
increase in the order syndiotactic < heterotactic << iso-
tactic.

The large solubility rate difference between the isotac-
tic-syndiotactic and isotactic-heterotactic polymers can
be argued on the basis of a higher degree of freedom for
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Figure 6 Solubility rates of PMMA fractions in acetate sol-
vents at 25°C (298 K).

Figure 7 Dissolution rates of heterotactic PMMA fractions in
a homologous series of n-alkyl acetates.
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rotation about the main chain bonds in the isotactic
polymer [38, 39]. The lower T, (49°C) of the isotactic
PMMA, despite a higher density {40, 41] than those of
the syndiotactic (T,= 117°C) and the heterotactic (7, =
105°C) PMMAs s, supports this contention. The solubili-
ty rate dependence on the glass transition temperature
(T,) for comparable molecular weight fractions of the
stereoforms is shown in Fig. 9.

s Sensitivity

Effect of molecular weight

The sensitivity of any electron beam resist system is a
function of the chain scission efficiency (G-value) and
the solubility characteristics of the resist material. The
dependence of the sensitivity on the molecular weight of
the polymer at a fixed solubility rate ratio (Table 6) in-
dicates that the sensitivity of PMMA can be increased
by using the higher molecular weight fractions. In theory
it would appear desirable to use very high molecular
weight polymers to obtain higher sensitivities, but there
are certain practical limitations. It is difficult to synthe-
size very high molecular weight polymers —high molecu-
lar weights give high solution viscosities and make it
difficult to spin-coat uniform films. In addition, it has
been observed that during solvent development, very
high molecular weight polymers swell much more than
lower molecular weight polymers. This results in distort-
ed images.

Effect of molecular weight distribution

Figure 5 suggests that a higher heterogeneity index
(H) resist will have a higher sensitivity for a given num-
ber-average molecular weight. For example, given two
polymers with the same number-average molecular
weight but different values of H, the resist having the
higher H or higher M requires a lower value of X to
achieve the same S;. Consequently, this resist requires a
lower dosage than the polymer of lower H.

Effect of stereoregularity

A dependence of sensitivity on molecular weight of the
polymer is shown by each tactic PMMA (Table 7). For
comparable molecular weights, the sensitivities of the
three stereoforms are about the same. Although the sol-
ubility rate of the resist is strongly dependent on the
stereoregularity of the polymer, the ratio of the solubility
rates of the exposed and the unexposed resist appears to
be insensitive to the tacticity of the polymer. This is not
unexpected since irradiation at low doses does not pro-
duce a change in the tacticity of the resist.

Effect of developer solvent molecular weight

The G-value of PMMA is considered low, and improv-
ing the sensitivity through the development process is
important. In selecting a developer solvent for positive
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Table 5 Solubility rates of tactic PMMA fractions in n-amyl
acetate at 25°C (298 K).

PMMA M (107 M (107 8,in A/ min (107 m/ min)

H 476 170 10
94 42 46

39 19 75

S 350 240 6
125 88 20

51 30 25

I 1979 967 58
567 369 500

95 53 10100

electron beam resists such as PMMA, thermodynamic
considerations are commonly applied in terms of a
solubility parameter and an associated hydrogen bonding
index [42, 43]. These principles were found to be unre-
liable when applied to the selection of optimized devel-
oper solvents. For example, the solubility of PMMA in
solvents having identical Hildebrand 8§ values ranged
from good to poor. Thus, for PMMA the solvent devel-
oper has been a combination of a poor solvent, isopropyl
alcohol, and a borderline solvent, methyl isobutyl ketone
(MIBK) [5].

The application of the homologous solvent process to
the selection of an optimized developer solvent resulted
in higher sensitivies for PMMA. The 476 x 10° fraction
was soluble in n-alkyl acetates between methyl and »n-
butyl acetate, partially soluble in n-amyl acetate, and
practically insoluble in n-hexyl acetate (Table 4). Thus,
the developer choice was between n-butyl acetate and n-
amyl acetate. The final selection between these solvents
was made on the basis of the solubility rate of the poly-
mer in these acetates. Development of the polymer (af-
ter exposure at 25 kV) in n-amyl acetate resulted in a
sensitivity (in coulombs) of 3 X 107°C/cm® compared
to 8 x 10°C/cm’ in MIBK/H,0 (§/§,= 4).

Summary

This study has shown the relative contribution of the dif-
ferent material parameters of the polymer on the elec-
tron beam sensitivity of PMMA. The G-value is inde-
pendent of the molecular weight, molecular weight dis-
tribution, and stereochemistry. Although the solubility
rate of PMMA is strongly dependent on the stereoregu-
larity — syndiotactic < heterotactic << isotactic, the ra-
tio of the solubility rates of the exposed and the unex-
posed resist appears to be insensitive to the tacticity.
The solubility rate ratio is better correlated with the
weight-average molecular weight ratio than with the
number-average molecular weight ratio. The molecular
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Figure 8 Solubility rates of tactic PMMASs in n-amyl acetate
at 25°C (298 K).

size of the developer solvent has a much greater effect
on the solubility rate than the molecular weight of the
resist. A developer solvent selected from a homologous
series of n-alkyl acetates greatly enhances the electron
beam sensitivity of PMMA.
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