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SYNOPSIS 

Four kinds of benzophenone-containing polyimides, each of which carries different amount 
or distribution of methylthiomethyl (MTM) pendant groups, are applied as negative pho- 
toresists. Lithographic evaluation of these polyimides shows that PI-42, the polyimide 
possessing the most, i.e., three MTM groups in a repeating unit on average, exhibits the 
highest sensitivity (09." = 129 mJ/cm2), the highest contrast value (y  = 4.3), and the 
highest resolution capability (1.2-pm lines and spaces can be resolved in a 1.0 pm thick 
film). In the air, the photopatterned lines obtained from all these polyimides are thermally 
stable up to 280°C. Upon treating at  400°C for 30 min, a 8% reduction in the linewidth is 
observed for the 3.8-pm line of PI-42. The optimum developing conditions of each of these 
title polymers are determined. Contrast curve analysis indicates that this resist system 
exhibits higher sensitivity at  near UV region than at  deep UV region. 0 1993 John Wiley & 
Sons, Inc. 

INTRODUCTION 

In recent years many researchers in the field of 
polymeric photoresists for microelectronic applica- 
tion have directed their attention toward the pho- 
tosensitive polyimides 1-5 because of their potential 
in reducing the number of processing steps in the 
manufacture of integrated circuits. One of the most 
important photoimageable polyimide systems de- 
veloped is the benzophenone-containing alkyl-pen- 
dant polyimide system.6 Since these polymers are 
fully imidized, they do not have the shelf life problem 
and will not shrink during the lithographic process. 
According to the photocrosslinking mechanism7 of 
this type of polyimides, we have designed and pre- 
pared a series of benzophenone-containing meth- 
ylthiomethy (MTM) pendant polyimide~'.~ to im- 
prove the photosensitivity of the original polyimide 
system. In this study, these novel polyimides, PI- 
42, PI-31, PI-2, and PI-1 (Fig. l),  are applied as 
photoresists to evaluate how lithographic charac- 
teristics such as sensitivity, resolution capability, 
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and thermal stability of these polymers are affected 
by the polymer's nature. The optimum developing 
conditions for each of these polymers and the sen- 
sitive exposure region for this polyimide resist sys- 
tem are also investigated. 

EXPERIMENTAL 

Materials 

Preparation of the title polyimides (PI-1, PI-2, PI- 
31 and PI-42) has been described earlier.' 

lithographic Evaluation 

Spin coating is carrying out by spin casting the fil- 
tered (0.5 pm Millipore filter) resist solution [ 8% 
solid in N-methyl pyrrolidone ( NMP ) 3 on a silicon 
wafer, which is pretreated with adhesion promoter 
(0.5% y-aminopropyl triethoxy silane in 95 : 5 
MeOH/H20 solution). The resist film is then baked 
at  100°C for 10 min. Film thickness is measured 
with a stylus instrument (Alpha step 200). Photo- 
patterning with near-UV radiation is performed by 
using a Canon PLA-501F mask aligner in the contact 
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Figure 1 Structures of the polyimides. 

mode while deep UV exposure is carried out by using 
a Hg-Xe lamp-filter combination (Oriel). The in- 
tensity of the light source is determined by the ir- 
radiance tester (Ushio, UIT-100). The exposed film 
is developed through a spray development process. 
The resist patterns are evaluated with a Akashi 
ABT-55 scanning electron microscope. 

RESULTS AND DISCUSSION 

Development 

Since each of the title polyimides reveals different 
solubility due to their different structure, the opti- 
mum developer for each of the polymer is different. 
The most important criterion for selecting a proper 
developer is to minimize the pattern distortion due 
to swelling of the exposed areas. In this respect the 
solvent or solvent mixture that dissolves the 1-pm 
thick film of a specific polymer in 30 s of develop- 
ment time is chosen as its developer. The develop- 
ment conditions are shown in Table I. The function 
of the first rinse (rinse I )  in the development se- 
quence is to reduce the so-called blotch effect and 
the variation in pattern dimension." Methanol, 
being a strong nonsolvent for these polyimides, is 
chosen as the second rinse (rinse I1 ) to contract the 

polymer and thereby to fix the dimensions of the 
relief patterns. 

Photosensitivity 

There are three factors that affect the intrinsic pho- 
tosensitivity of a polymer: chemical structure, mo- 

Table I Development Conditions 
of the Polyimides 

Component Spin 
(DMAc: Time Speed 

Polymer Sequence MeOH)" (4 (rpm) 

PI-42 Developer 
Rinse I 
Rinse I1 

Rinse I 
Rinse I1 

Rinse I 
Rinse I1 

Rinse I 
Rinse I1 

PI-31 Developer 

PI-2 Developer 

PI-1 Developer 

5 :  1 5 
4 :  1 10 
0 :  1 10 
7 :  1 15 
6:l 15 
0 : l  15 

11 : 1 30 
10: 1 30 
0 :  1 30 

13: 1 30 
12 : 1 30 
0 :  1 30 

2000 
3000 
3000 
2000 
3000 
3000 
2000 
3000 
3000 
2000 
3000 
3000 

Volume ratio. 
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Contrast curves of the polyimides. Figure 2 

lecular weight, and molecular weight distribution. 
For the four polyimides studied, the later two factors 
are excluded according to the results of the viscosity 
and gel permeation chromatography ( GPC) mea- 
surements obtained in the previous study? There- 
fore, sensitivity discrimination in these polymers is 
resulted from their different chemical structures. 
According to the contrast curves of the four poly- 
imides (Fig. 2 ) ,  photosensitivities increase system- 
atically with the increase of MTM content. PI-42, 
which possesses the highest MTM content, exhibits 
the highest photosensitivity ( Di.5 = 129 mJ/cm2), 
while that for PI-31, PI-2, and PI-1 are 182, 148, 
and 273 mJ/cm2, respectively. This result is in ac- 
cordance with the finding of Pfeifer and Rohde,' 
that is, for the benzophenone-containing alkyl-pen- 
dant polyimide system, photosensitivity increases 
as the pendant group increases. Comparing PI-2 and 
PI-31, both of which carry two MTM groups in a 
repeating unit in average, we believe that the higher 
sensitivity observed for the former is due to the more 

average distribution of the pendant groups, which 
leads to a higher degree of photocrosslinking at  the 
early stage of irradiation process. Another phenom- 
ena worthy of note is that PI-42 shows higher sen- 
sitivity when irradiated with the near-UV radiation 
(365 k 5 nm) ,129 mJ /cm2, than with the deep-UV 
radiation (240 f 20 nm) , 174 mJ/cm2, though the 
absorbance of benzophenone, photoreactive unit of 

Table I1 Lithographic Characteristics 
of the Polyimides 

Contrast Resolution" 
Polymer (7 )  (rm) 

PI-42 4.3 1.2 
PI-31 2.1 2.6 
PI-2 3.5 1.9 
PI-1 1.9 3.8 

a Resolved lines and spaces in 1-pm film. 
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Figure 3 SEM micrographs of (a)  1.2-pm lines and spaces of PI-42, (b)  3.8-pm lines 
and spaces of PI-42, ( c )  3.8-pm lines and spaces of PI-42 after baked at 400°C for 30 min. 

this polymer, is much lower in the near-UV region 
(which is attributed to the So --f S1 transition of the 
benzophenone") than in the deep-UV region (which 
is attributed to the So + S2 transition). This conflict 
is explained as follows: Since S2 state of benzo- 
phenone can deactivate by internal conversion to 
S1 state followed by fast intersystem crossing to T1 
state, a t  which hydrogen abstraction takes place, 

both near- and deep-UV radiations are contributory 
to the photocrosslinking reaction in this type of re- 
sist system. However, it is probable that in the solid 
matrix the S2 + S,  internal conversion is greatly 
depressed due to the limited nuclear motion, and 
the population of S,  state resulted from exposing at 
the deep-UV light is less than that from the near- 
UV light. As a result, the total quantum yield of 
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photocrosslinking of the near-UV light irradiation 
is higher than that of the deep-UV light irradiation. 

Resolution 

The resolution capabilities of these resists are in- 
timately related to their contrast ( 7 )  values. As 
shown in Table 11, PI-42 exhibits the highest con- 
trast and the highest resolution capability. The lines 
and spaces resolved from 1-pm thick PI-42 film are 
shown in Figure 3 (a ) .  For PI-2 and PI-31, the more 
average MTM distribution for the former results in 
its higher contrast value and resolution capability 
than those of the latter. PI-1 carrying only one MTM 
group in a repeating unit is able to resolve 3.8-pm- 
wide lines and spaces in a 1-pm-thick film. 

Thermal Stability 

Although thermal resistance of these polyimides is 
lowered by the weak C-S bond of the pendant MTM 
group, still the dimension of the resist lines of the 
four polyimides remains unchanged after baked at  
280°C for 30 min. When the baking temperature is 
raised to 400°C, a 8% of shrinkage of the 3.8-pm 
PI-42 line due to the decomposition of the MTM 
group is observed [Figs. 3 (b)  , 3  (c) 1. Upon the same 
heat treatment, the degrees of shrinkage of the 3.8- 
pm line of PI-31 and PI-2 are both 5%, while that 
of PI-1 is negligible. Thus, more alkyl-pendant 
groups lead to higher photosensitivity and solubility 
but lower thermal stability. 

CONCLUSION 

We report here a detailed lithographic evaluation of 
the benzophenone-containing MTM pendant po- 
lyimide system. Increasing the content of the MTM 
group resulted in a systematic increase in sensitivity, 

contrast, and resolution but a systematic decrease 
in thermal stability. Contrast curve analysis leads 
to the conclusion that higher sensitivity of this sys- 
tem is obtained at the near-UV region rather than 
at the deep-UV region. 
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