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ABSTRACT 

During the last decade laser processing of polymers has become an impoxtant field of applied and fundamental research. One of 
the most promising proposal, to use laser ablation as dry etching technique in photolithography, has not yet becume an 
industrial application. Many disadvantages of laser ablation, compared to conventional photolithography, are the result of the 
use of standard polymers. These polymers are designed for totally differeat applications, but are ampared to the highly 
specialiied photoresist. A new approach to laser polymer ablation will be the development of polymers, specially 
designed far high resolution laser ablation. These polymers have photolabile groups in tbe polymer backbone, which 
decmpse upon laser inadiation or standaad polymers are modified for ablation at a specific irradiation wavelength. The 
absorption maximum can be tailored for specific laser emission lines, e.g. 351,308 and 248 nm lines of excimer lasers. We 
will show that with this approach many problems associated with the application of laser ablation for photolithography can 
be solved. The mechanism of ablation for these photopolymers is photochemical, whereas for most of the standard polymers 
this mechanism is photothermal. The photochemical decomposition mechanism results in high resolution ablation with no 
thermal damage at the edges of tbe etched structures. In addition there are no &posited ablation products or surftce 
modifications of the polymer after ablation. 
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1. INTRODUCTION 

During the last decade, processing of polymers has become an important field of applied and fundamental research El]. One of 
the most important fields is laser ablation which is used as an analytical tool for MALDI (matrix assisted laser desorption 
ionization) [2,31 and LIBS (laser induced breakdown spectroscopy) [4,5] or as a preparative tool for PLD @ulsed laser 
deposition) [6,7] of synthetic polymer films. The application of high energy W lasers led to the discovery of a process 
termed ablative photodecomposition (APD) in 1982 [8,9]. One of the most promising proposals for APD was for its 
application as a dry etching technique in photolithography. APD prcunised a higher resolution, due to the use of the shorter 
laser wavelength as compared to the tmditionaI W h p  techniques, and a lower number of processing steps. For a 'd' dty 
etching technique there would be no need for a wet development. This would also eliminate a part of the liquid waste. Until 
now APD is mainly used for producing via-holes in polyimide (PI) on MCM (multi chip modules) [lo] and not as a cky 
etching technique in photolithography. This is partly due to several disadvantages of APD compand to ConventionaI 
photolithography. One reason is the Camparison of lithography with Am) using standard polymers such as PI, PET 
(polyethyleneterephthalate) or PMMA (poly-methyl-methacrylate) [ll-131 which are designed for totally different 
applications, but are compared to the highly developed and specialized photoresists. For an application of laser ablation in an 
industrial process, such as the production of TFT-LCD's, new material are needed which exhibit low threshold fluences and 
ablation rates of about 100 nm/pules at 100 mJ cm-' [14,15]. Other problems of laser ablation are the redeposition of ejeaed 
material (debris) and an incomplete ablation at low fluenax. In order to overcome these problems we choose to develop 
special polymers for laser ablation at a specific laser wavelength based on photolabile -N=N-X- groups in the polymer main 
chain or by modifying a commerciaI polymer (polycarbonate, PC). As an irradiation source we chose a XeCl excimer laset 
emitting at 308 nm. This laser wavelength has the following advantages: HCI as the halogen source is easier to handle than 
F2 required for the KrF lasers; high power XeQ indushial lasers are the most advanced on the market, and the output level is 
sustained for more than 8 h of continuous operation; the 308 nm wavelength is also more forgiving than the deep UV 
radiation; typical optical materials and coatings have lower absorption and higher damage thresholds at 308 nm as compared to 
248 nm or even 193 nm. One other important motivation of our approach was the controversy over the mechanism of 
ablation. It has been suggested that the mechanism is either mainly thermal, photothermal, or photochemical, or a mixture of 

' Further correspondence information: 
T.L.: Email lippert@lanl@ gov: Telephone: 505-665-4379: Fax: 505-6654817 



'. , .- 

these 111-131. From an application stan-flint, a photochemical mechanism would be most d e s i l e .  Photochemical 
decomposition would have an intrinsically higher resolution due to the lack of thermal damage to the surzounding area, ad 
the polymer could be designed in a similar way to the photoresists, amsidering mainly the photochemical Properties of 
various chromophores. In addition, it would be possible to design polymers which decompose mainly to gaseous products. 
This would de& the problem of redeposited material, tbe so called debris. "he incomplete removal of the polymer requires 
additional cleaning steps, thus losing one of the big advantages of APD- the lower number of p.ocessing steps. 

2. Experimental 
Materials 
The-N=N-X- polymers (general structure shown in scheme 1) were synthesized axording to pmdures described ekewhere 
[16,17]. Briefly the synthesis is a intdacial polycondensation of a bis-diazonium salt with the cormponding coupling 

Y: 0, CO, -, m-S@, p-SO2 

scheme 1: General structure of the -N=N-X- polymers. 
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compound. The absorption maximum of the 
polymer and other polymer properties can be varied 
by changing Y and R/X. For example, the 
absorption maximum of the triazeno-polymen can 
be varied between 290 nm and 350 nm. A typical 
W spectnun of a thin film is shown in Fig. 1. 
The modiftcation of a commercial polycarbonate 
was done in cooperation with BAYER AG [MI. 

Instrumental 
Ablation rates were deIermmed using a XeCl 
excimer laser, a profilometer or an atomic force 
microscope (AFM). For the studies of the 
mechanism we also used XeF (351 nm), KrF (248 
nm) various dye lasers and Nd:YAG lasers. 

3. Results and Discussion 
All synthesjd -N=N-X- polymers with two 
-N=N- groups per repetition unit exhibit ablation 
rates which are highly reproducible and linear with 
pulse number. Maximum ablation rates of up to 3 
pn / pulse could be achieved, a value much higher 
than predicted from the bear absorption 
coefficients [19]. Possible reasons for this 
behavior are discussed in later section. With the 
introduction of the two photolabile groups into 
each repetition unit of the polymer main chain a 
well defined decomposition pathway (shown in 
scheme 2) is followed. 
After the homolytic bond scission between the 
-N-X- bond two radicals result. Nitrogen is 
e l i t e d  on a very fast time scale from the 
extreme labile azo-radical. The well &final 
photochemical decomposition pattern and the 
gaseous products result in clean ablation contours 
with 9p redeposited material, as shown in Fig. 2. 
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I Scheme 2 Photochemical decomposition pathway of the - 
N=N-X- ~ ~ l ~ m e r s .  

-3gure 2 AFM-picture of a triazene polymer (TP l), 
( ki,,=308 nm, F=7.5 J/cmz, 1 pulse ). I 

Sensitivity tests revealed that some of the polymers with 
Y= S-R2-S and N(R3 m two sensitive for laser 
irradiation or safe handling. The polymers decomposed 
upon laser irradiation or impact completely. The 
diazophospbonate polymers were stable during laser 
irradiation, but showed a high sensitivity to the electron 

beam of the scanning electron microscope (SEh4). The triazeno compounds proofed to be the most stable polymers (storage, 
SEM) which combmed high ablation rates with a high sensitivity. The threshold fluence, F,,,, at 308 nm was 22 mJ un-’ [20] 
and ablation rates per pulse of 120 nm at 100 mJ cm-’ and 130 nm at 140 mJ miz did result at 308 nm for a polymer with 
Y=O. Using a diffeEnt polymer with Y=m-SO, and an irradiation wavelength of 351 nm an ablation rate of 140 nm at 60 mJ 
ai2 could be achieved. Tests whether a complete removal of the polymer is possible with fluenm as low as 100 IILJ cm-’ 
suggested that this is possible with a “clean” polymer. The achievable resolution is close to the diffraction limit, suggesting a 
possible application in fields where the necessary resolution is 2 0.5 p. 

Wavdengthl nm 

Figure 3: W-Vis spectra of various modilied PC‘s. Numbers at 
companding to the % of the incorporated ester. (solic 
films, thickness: = 200 p). 

In an alternative appmach we modified an existing 
industrial polymer, in detail polycarbonate 
(MakrolonTM), for ablation at 308 nm. 
Polycarbonates m well soluble in standard solvents, 
have very good mechanical and thermal properties 
and high quality films can be obtained by various 
techniques. The modification of the polycarbonate 
0 was realized by incurpomting of aromatic ester 
groups into the polymer chain. By varying the 
amount of the inmpomted ester group the 
absorption edge of the PC could be shifted to longer 
wavelengths, as shown in Fig. 3. By incoxporating 
an ester group into the polymer chain the ablation 
quality of the polycarbonates at 308 tun could be 
improved drastically. In Fig. 4a the ablation contour 
of a PC film without ester groups is shown. The 
edge and bottom of the ablation crater is rough with 
redeposited or ejected molten material sumomding 
the crater. In case of the incorporated ester group, 

shown in Fig 4b clean ablation contours with no detectable redeposited material are found. An examie of the ac&vaGe 
resolution is shown in Fig. 5. Maximum ablation rates of up to 2 p n  / pulse were realized. The polymer cwld also be 
ablated with fluences below 150 mJ ern-’ but a complete removal of the material was not possible. The remaining layer 
consists most probably of various carbon species. 
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3gure 4 SEM-picture of an ablation crater in a) poly-carbonate film PC-0 (=PC) ( &308 nm, 15 pulses, 7.66 J/cm2 ) 
(left) and b) polycarbonate film with 30% ester content (PC-30) ( &,=308 nm, 15 pulses, 18.45 J/cm2 ) 
(right). 
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3gure 5: AFM-picture of the polycarbonate with 100 % of 
ester content. ( X,=308 nm, F=7.5 J/cm2, 1 
pulse ): no redeposited debris on the surface. 

Mechanism 
To study whether our concept of incorporating photolabile 
groups into the polymer main chain results in a 
photochemical or dominating photochemical ablation 
mechanism we used various analytical and time-resolved 
speclroscopic techniques on the most promising -N=N-X- 
polymers. Using surf’ analytical techniques we could 
show that the chemical composition of the polymer did 
not change after irradiation at 308 nm (contact angle ad 
XPS). For imdiation at 248 nm surface carbonization 
could be detected 1211. Time resolved transmission studies 
at the irradiation wavelength revealed an inawed 
transmission of the laser pulse, suggesting a 
decomposition of the polymer during the pulse [20]. This 
cwld be confirmed with time resolved surface 
interferometry, which pmfed that etching of the polymer 
during the laser pulse (starting and ending with the Iaset 
puke) takes place at modest fluences (> 200 nl mi2) 
[22]. At lower fluences an additional delayed etching was 
demxed, suggesting a thermal part in the ablation 
mechanism. Using ns-imaging above the polymer surface 
the absence of larger solid abalation products could be 
confirmed. The resulting shock wave was analyzed using a 
microexplosion model with i n w t e d  “explosive 

energy’’ of the polymer decomposition [23]. The products of ablation were studied using time-of-flight mass spectrometry 
(TOF-MS) [24,25]. Only products compatible with the above shown (scheme 2) photochemical decomposition mechanism 
were found. The TOF curves of the two main products, N2 and phenyl, were analyzed in more detail. Gaussian energy 
distributions yielded an average kinetic energy of 0.8 eV for N, and = 4 eV for the phenyl fragment. These energies are too 
high for a thennal decomposition mechanism, but might be explained by a photochemical mechanism with ‘explosive’ 
ejection of the fragments. 

4. Conclusion 

The existing data show that laser ablation can be used as a “m” high resolution dry etching technique, if tailored polymers 
are used. The combination of photolabile energetic groups in the polymer main chain, which decompose to gaseous products, 



results in clean etching contours with no surface contamination by ablation products. The specially designed triazenopolymers 
reveal some unique features: wavelength selective surface madification and etching. The data analysis also shows that the 
mechanism is mainly dominated by photochemical features (clean etching, no slnface modification, etching starts and ends 
with the laser pulse), but that additional paramem, such as the decomposition energy also influence the mechanism. By 
chemically altering a 'standard' industrial polymer, polycarbonate, it was possible to achieve high resolution ablation with no 
debris contaminating the polymer surEace after irradiation. 
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