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Abstract

The ablation characteristics of various polymers were studied at low fluences, and structure property relations were obtained. The
polymers containing the photochemically most active group (triazene) are also the polymers with the lowest threshold of ablation and
the highest etch rates, followed by a designed polyester and then polyimide. No pronounced influences of the absorption coefficients,
neitherajin nor aest, ON the ablation characteristics are detected. The thermal properties of the designed polymers are only of minor
importance. Intensities of fragments obtained by time-of-flight mass spectrometry measurements show pronounced differences between
irradiation at the absorption band of the triazene group (308 nm) and irradiation at a shorter wavelength (248 nm). The larger fragments
reveal lower intensities for 248 nm irradiation, due to the additional decomposition of these fragments by the higher energy of 248 nm
photons and the lower etch rates for 248 nm irradiation. An excimer lamp emitting at 308 nm is applied to decompose the triazene group
without major decomposition of the aromatic system. Irradiation with shorter wavelengths, i.e. 222 and 172 nm, causes in addition the
decomposition of the aromatic system. Two novel applications for the special designed photopolymers are shown. These polymers can
be applied in combination with phase masks for the fabrication of microoptical elements using laser ablation. Another quite different
application utilizes near-IR irradiation. The plasma created by laser ablation acts as a micro thruster. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction the design of these polymers. The irradiation wavelength of
308 nm was chosen because of the convenience of this wave-
Laser ablation of polymers was first reported in 1982 length from a practical point of view, i.e. lifetime of the op-
[1,2] and envisioned as a possible alternative or complemen-tical components and gas fills of the XeCl excimer laser, and
tary technique to conventional photolithography, but has because sub-micron resolution is not necessary for all appli-
unfortunately several disadvantages, i.e. low sensitivity [3], cations. For an irradiation wavelength of 308 nm, it is pos-
carbonization upon irradiation [4], and debris contaminat- Sible to selectively irradiate into the absorption band of the
ing the surface and optics. Many of these disadvantages ofphotochemically active chromophore, whereas other parts
laser ablation, compared to conventional photolithography, of the polymer, such as aromatic or aliphatic groups, absorb
are the result of the application of standard polymers. Theseat shorter wavelengths. This can give indications about the
polymers are designed for totally different applications, but role of the photochemically active chromophore during the
have to compete with the highly specialized photoresists andablation process and, therefore, the ablation mechanism. It
photolithographic processes. Therefore, novel photopoly- is still not clear whether the ablation mechanism is purely
mers were developed for ablation at a specific irradiation photothermal or has at least partly photochemical features.
wavelength, i.e. 308nm, to overcome these limitations The latter has been suggested for shorter irradiation wave-
[5-9]. Photochemical considerations have been applied forlengths, e.g. 193 nm [10]. The most promising approach for
the design of these ‘laser ablation polymers’ is the incorpo-
* Corresponding author. Tek:41-56-310-4076; fax:+41-56-310-2485.  ration of the photochemically active chromophore into the
E-mail addressthomas.lippert@psi.ch (T. Lippert). polymer main chain. These polymers are highly absorbing
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at the irradiation wavelength and decompose exothermally function as positive (laser ablation) as well as conventional
at well-defined positions of the polymer chain into gaseous negative resists. An application is envisioned where first
products [11]. The gaseous products act as driving gas ofa ‘large’ scale structuring, using standard negative resist
ablation and carry away larger fragments, which could oth- methods, is followed by a positive (i.e. laser ablation) step
erwise contaminate the surface. The polymers are ablatedo structure the remaining areas in more detail. The order of
without major modifications of the residual polymer surface processing can be reversed without altering the quality of
[12], thus allowing reproducible ablation. These polymers the structures [15]. Additionally, combined polymers were
contain photolabile groups (-WN-X-) in the polymer developed (TCCM-polymers) which contain the structure of
backbone, which decompose upon laser irradiation. Variousthe TC-polymers and CM-polymers. One polymer of each
functional groups, such as ¥ —N<, —=S—, -N-NN-, or group (TC, CM and TCCM) was selected which revealed a
phosphonate, have been tested [7,8]. The triazene polymersigh linear absorption coefficient of around 100 000¢ém
(TC-polymers) with —N'N—-N< as structural unit revealed at the irradiation wavelength. To compare the ablation prop-
most of the desired properties, e.g. formation of high qual- erties of these photopolymers, a reference polymer was
ity films, stability to storage, and one-step synthesis [13]. included in this study, i.e. polyimide, as representative of a
The only major disadvantage of the TC-polymers is the sen- highly absorbing ‘standard’ polymer (see Scheme 1).
sitivity to acids [14], which are used in industrial applica- We compared the ablation properties of these various
tions for the following processing steps. Therefore, another polymers to investigate the ablation mechanism. One poly-
class of polymers has been developed which are based ommer (TC) was studied in more detail with additional an-
polyesters. The polymers contain cinnamylidenemalonic alytical techniques (time-of-flight mass spectrometry) and
acid groups (CM-polymers) which undergo photocrosslink- other irradiation sources (excimer lamps). Additionally,
ing upon irradiation at. > 395nm and laser ablation at novel applications of these photopolymers designed for
308 nm [15]. These polymers are stable in acids and canlaser ablations will be presented.

CHs (IDH
O—N N—N—(CHg)s—N—N=N

TC-polymer n
“?%
HC/CH
I CM-polymer
o.._C._._0—C C
§g e NS e
O © n
OCHj

TCCM-polymer

n
Polyimide

Scheme 1. Chemical structures of the polymers.
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2. Experimental The tests with near-IR radiation for laser plasma thruster
(LPT) application were performed with diode lasers. Experi-
The polymers, TC, CM and TCCM were synthesized us- mental details and further information about this application
ing standard polycondensation reactions. The syntheses arean be found elsewhere [24,25].
described in detail elsewhere [16,17]. A XeCl excimer laser
(Lambda Physik, Compex 205;= 308 nm t = 20 ns) was
used as irradiation source. The polymer films (%0 thick) 3. Results and discussion
for the laser ablation experiments were prepared by solvent
casting with THF or chlorobenzene as solvent. The samples3.1. Ablation properties
for the excimer-lamp irradiation were prepared by spin coat-
ing. The procedure for determining the etch rates has been Polymers with very similar linear absorption coefficient,
described in detail elsewhere [18]. The ablation experimentsajin (around 100000cm', see Table 1) were selected
were performed at low (10-400 mJch) fluences to inves-  to compare the ablation parameters. The etch rates (etch
tigate the ablation behavior of the polymers at fluence rangedepth/pulse) at low fluences were calculated from linear
where structural properties might be important. plots of the etch depths vs. pulse number at a given fluence.
The experimental arrangement for the time-of-flight mass All plots were linear, showing no incubation behavior as
spectrometer (TOF-MS) has been described previously [19]. expected for highly absorbing polymers [26]. The high flu-
The polymer films were irradiated at 248 and 308 nm at ence range is mainly interesting for applications where high
a pulse repetition rate of 1Hz to avoid accumulative heat- ablation rates in small areas are important, e.g. drilling or
ing. Emitted fragments were detected with a quadrupole cutting. The ablation rates at high fluences are very similar
mass spectrometer (UTI 100C) mounted with the ionizer for all polymers [27] and are of only minor importance for
14cm from the sample. Time resolved quadrupole massstructure property relations. The low fluence range offers
spectroscopy was used to simultaneously measure both théhe opportunity to study the influence of structural parame-
mass (amu) and the time-of-flight distributions of the emit- ters on the ablation rates. The dependence of the etch rates
ted species. on the natural logarithm of the fluence are shown for all
Excimer lamps were used as an alternative source of ex-polymers in Fig. 1. The ablation parametetss (effective
citation. The incoherent excimer radiation from a dielectric absorption coefficient) andry, (threshold fluence) were
barrier discharge (silent discharge), operating in pure xenon,calculated according to the following equation [28,29]:
gas mixtures of krypton/chlorine and xenon/chlorine, pro- 1 F
vides intense narrow band radiationia& 172 nm(Xez*), d(F)=—1In (—) 1)
222 nm (KrCF) and 308 nm (XeCl), respectively. The dis- eff Fin
charge was initiated in an annular gap between coaxial quartzwhered (F) is the etch rate (etch depth per pulse). The cal-
tubes. The outer quartz tube had a diameter of 3cm and anculated values fowes and Fy, are summarized in Table 1.
active length of 10 cm defined by the length of the grounded The effective absorption coefficient, which is a measure for
wire mesh acting as transparent outer electrode. The radiakhe penetration depth of the laser photons is dependent on
width of the annular gap was about 0.8cm. The excimer the applied laser fluence. The designed polymers (TC, CM
UV sources were operated at frequencies between 125 andind TCCM) can be divided into two groups with respect to
375kHz and voltage amplitudes up to 10kV. More details the etch rates (shown in Fig. 1). All triazene containing poly-
about the excimer UV sources can be found in the literature mers have significantly higher etch rates than the other poly-
[20,21]. The UV spectra after irradiation in Ar, air and oxy- mers. The designed polyester (CM) reveals a higher etch rate
gen were measured with a Varian Cary 500 spectrometer. than PI. The etch rates are independent af (see Table 1)
The microoptical elements were fabricated with gray tone and determined by the chemical structure. In Fig. 2, a com-
phase masks, as described elsewhere [22,23]. The polyimidgyarison of the calculated etch rates at 100 mJ%and of
sheets (12hm Kaptor@ from Goodfellow) and spincoated the decomposition temperatures is shown for all polymers.
polyimide films (Durimide 7020, Arch Chemical) were used The etch rates of the non-triazene containing polymer, CM,

as received. is 90 nm/pulse, which is abo%’(of the value of the triazene
Table 1
Chemical properties and ablation parameters of the polymers

TC-polymer CM-polymer TCCM-polymer Polyimide
ain (cm™1) 100000 102000 92000 95000
aeff (cm™1) 50000 51000 53000 83000
Fin (mJcnt?) 27 63 28 60
d (nm/pulse) atF = 100 mJ cnr? 267 90 239 61

Decomposition temperaturéQ) 227 321 248 >500
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Fig. 1. Measured etch rates as a function of the natural logarithm of fluence at low fluences (up to 468)nJcm

containing polymers, TC and TCCM. A slightly higher etch absorption coefficient). The fact that all designed polymers
rate is obtained for TC, which has the highest triazene den-have a similar effective absorption coefficient, but very dif-
sity per repetition unit. The etch rate of polyimide is about ferent etch rates and threshold fluences, suggestahas

60 nm/pulse which is again abo%t of the value of the only of minor importance for the ablation performance. The
CM-polymer. Another important feature is the similarity of very similar effective absorption coefficient might be due
aeff for all designed polymers (around 50 000Thy while to similar ablation products/intermediates in the polymer
polyimide reveals a much higher value (close to the linear films. All designed polymers are supposed to decompose
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Fig. 2. Etch rates at 100 mJ crh and decomposition temperatures of the polymers.
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according to similar mechanisms (at least the initial steps), polymers shows that, all polymers have at least common
i.e. direct photolysis, during which homolytic bond break- parts in their chemical structure suggesting that they might
ing occurs [30,31]. Radicals are formed as intermediates, have comparable values for these constants, and hence justi-
especially aromatic radicals, which should be present for all fying the simplification. Photolysis experiments in solution
designed polymers. These common products/intermediateshad given the same order of photochemical activity as in the
could be the reason for the very similags. In the case  ablation experiments [18], indicating that the photochemi-
of polyimide, different intermediates with different absorp- cal activity is also important for the ablation behavior. This
tivities are formed, i.e. quite stable amide and isocyanate implies also that the ablation mechanism has pronounced
intermediates were detected by FT-IR spectroscopy [32]. photochemical aspects, at least for polymers containing pho-
The designed polymers reveal clearly better ablation prop- tochemically active groups.
erties that a standard, commercial polymer. All selected
polymers had similar absorption properties and also com- 3.2. Time-of-flight mass spectrometry
mon structural elements (aromatic groups) ensuring that a
direct comparison of the polymers is possible. The polymers  For a better understanding of the ablation mechanisms
containing the group (triazene) with the highest photochem- of the designed photopolymers, one polymer was selected
ical activity (TC and TCCM) are also the materials with the (TC) and studied in more detail with additional techniques.
best ablation performance. This suggests that photochemicallThe TC-polymer was chosen, because it is the most active
properties of specific structural units determine the ablation and most data are available for this polymer. An additional
behavior of polymers containing these groups. feature of this polymer is visible in the UV-Vis spectrum
Of course one might argue that the same order of ac- (Fig. 3). The absorption maximum is close to the irradiation
tivity is also obtained if only the decomposition tempera- wavelength of 308 nm, while an absorption minimum is at
tures {Tged are considered, i.e. lowesec for the TC- and another excimer laser emission wavelength, i.e. 248 nm. A
TCCM-polymer, followed by CM and then PI (Fig. 2). How- comparison of these two irradiation wavelengths, one cor-
ever, a comparison reveals that the largest difference in ther-responding to the absorption of the photochemical active
mal stability (170C) between polymers of different groups, triazene-group at 308 nm, the other to the photochemically
i.e. Pl and CM, corresponds to the smallest difference in ab- more stable aromatic system, could give valuable infor-
lation activity, while a much smaller difference in thermal mation about the influence of these structural units on the
stability (70°C), between TCCM and CM, corresponds to ablation mechanism. As analytical method TOF-MS was
the largest difference in ablation activity. This is even more selected, because different products of ablation, or intensi-
remarkable when recalling that this is valid in a broad flu- ties of products, can give a direct indication for a different
ence range (from 10 to at least 400 mJ @& which covers ablation mechanism. Previous studies [33,34] with 248 nm
a quite broad thermal range. This suggests that thermal con-and detailed analysis of the time-of-flight curves had shown
siderations are less important for the laser ablation of thesethat fragment emission follows an Arrhenius relation, where
polymers. Just using the decomposition temperatures is ofthe temperature is predicted from the total deposited laser
course a simplification, because other parameters such agnergy. For a direct comparison between the two irradiation
thermal conductivity, specific heat, thermal diffusivity, etc. wavelengths, the relative maximum peak intensities of dif-
are also important. Looking at the chemical structure of the ferent fragments are compared. In Fig. 4, the response of the
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Fig. 3. UV-Vis absorption spectra of the TC polymers. This film coated from chlorobenzene onto a quartz wafer.
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Fig. 4. Intensity of the 28 amu signal from decomposition of TC at various fluences with 248 and 308 nm irradiation.

most intense mass (i.e. 28 amu from)Mdt the two different After irradiation at 248 nm, a much faster increase of the
irradiation wavelengths is compared. The data taken aftersignal was detected and no linear range can be observed
irradiation at 308 nm exhibit a linear increase of the signal (see inset in Fig. 4). At higher fluences, the signal intensity
intensities at low fluences<¢0 mJ cn2), as shown in the  reaches a maximum. This is probably due to absorption of
insetin Fig. 4. At higher fluences, a fast increase is observed.the incoming photons by aromatic fragments (e.g. radicals,
This is an indication that at fluences abovd0mJcnT?, which are produced during ablation). In Fig. 5, the observa-
the process changes from a linear photochemical reaction tations for other analyzed masses after irradiation at 308 nm
the non-linear ablation process. This value agrees very wellare summarized. Only signals were analyzed which can be
with the ablation threshold e£25-30 mJ cm?, which was assigned to direct laser ablation products (see Scheme 2),

determined with other techniques [35,36]. maybe with the exception of mass /7, which could be
L L — "
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Fig. 5. Intensity of the other fragments from decomposition of TC at various fluences with 308 nm irradiation.
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Scheme 2. Fragmentation pattern of the TC-polymer.

a primary product of laser ablation, but also a fragment of with a lower amount of solvent, which has been previously
the electron impact or of reactions in the ablation plume. found for PMMA cast from chlorobenzene [37]. Other possi-
The resolution of our experimental set-up does not allow to bilities are the higher ablation rates at higher fluences, which
distinguish between these two masses. result in higher ClI signals, or a more effective decomposi-
A tentative interpretation of the signal is as follows. tion of the chlorobenzene at higher fluences. Thé&r7éamu
The fragment with the mass 35 (fragment of the solvent signal increases slowly at the beginning, but when the flu-
chlorobenzene that cannot be removed totally from the films) ence reaches the value where the 168 signal decreases, a
is non-linearly increasing over the whole fluence range; fastincrease is observed. At still higher fluences, the phenyl
chlorobenzene probably contributes also to thg77éamu fragment signal decreases again, most probably due to de-
signal. At low fluences, the signal is quite low and increases composition. This is only observed for 248 nm irradiation.
significantly at fluences above 150 mJcm This can be The higher photon energy at 248 nm is sufficient to decom-
explained with a surface region which contains less solvent pose the aromatic system, causing a decrease of the signals
than the deeper layers [37]. As the fluence increases, therelated to the aromatic fragment. The 142 amu signal in-
depth of the ablated crater increases and more solvent iscreases at low fluences, until it reaches a certain maximum.
removed. The fragment with the mass/78 results from Then it decreases slowly to reach a constant value. This be-
the fragmentation of the solvent and from the decompo- havior can again be explained by a decomposition of this
sition of the 168 amu fragment (cf. Scheme 2). At lower fragment at higher fluences (similar to 308 nm irradiation).
fluences, the 7&7 amu signal seems to be correlated with  In comparison, pronounced differences between the sig-
the 35amu signal, while it starts to increase more rapidly in nal intensities at 248 and 308 nm irradiation are observed.
the fluence range where the 168 amu signal levels off. The The fragments with masses higher than 35 reveal clearly
168 fragment decreases at higher fluences and an increashigher intensities for 308 nm irradiation. This is due to the
of the 7§77 amu signal is detected. The 142 amu fragment higher etch rates at 308 nm [5] at higher fluences, but also
intensity increases initially, similar to the 28 amu signal, to further decomposition of the larger fragments with the
suggesting that both are products of the same process. Atigher photon energy of the 248 nm irradiation. At lower
higher fluences, the signal intensity stays constant, probablyfluences, especially in the case ob,Nigher intensities
due to the decomposition of this fragment. The 168 amu are detected for 248 nm. For 308 nm irradiation, a linear
signal reveals a similar behavior as the 142 amu signal. behavior of the signal with the laser fluence can be ob-
In Fig. 6, the signal intensities of the same masses areserved. Around the threshold of ablation, this linear behav-
shown for 248 nm irradiation. The 35amu signal intensity ior changes, i.e. faster increase of the signal intensity. As
increases slowly at the beginning and much faster at the highargued above, we observe the photochemical decomposi-
fluence end. This can again be due to a dense surface regiotion of the triazene-polymer with 308 nm irradiation at low
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Fig. 6. Intensity of the other fragments from decomposition of TC at various fluences with 248 nm irradiation.

fluences. The triazene group {#N?-N3<) decomposes can only be observed at reduced pressures (between 0.1 and
photochemically between the?Nand N nitrogen atoms, 100 mbar) [39] which was not examined in this study, where
and N is released (shown in Scheme 2). The other radi- only atmospheric pressure was applied. The thin polymer
cal fragments of this homolytic decomposition of the N-N films were irradiated for certain time periods, followed by
bond are combining to form an insoluble crosslinked poly- analysis with the UV—-Vis spectrometer. The decomposition
mer network, as described in the next paragraph in more of the polymer was analyzed at the two maxima, i.e. 196 and
detail. The available experimental data do not really show 330 nm. The former corresponds mainly to the absorption of
this linear relation for 248 nm irradiation at low fluences, the aromatic groups, the latter to the triazene groups [35].

may be due to the low intensities of the Ragment. With 308 nm irradiation nearly exclusively decomposition
of the triazene-group (330 nm) can be observed. Only very
3.3. Excimer-lamp irradiation minor changes are observed for the band at 196 nm. This

is shown in Figs. 7 and 8 where the changes of the two ab-

Excimer lamps were applied to study the low fluence ir- sorption maxima are plotted as a function of the irradiation
radiation region, where linear (no ablation) photochemistry time for all irradiation wavelengths. A detailed analysis of
is taking place. This is in the fluence range (e.g. Fig. 4 in- the changes of the band at 196 nm (Fig. 8) reveals an instant
set), where a linear relation between reaction products anddrop of intensity for all irradiation wavelengths. The reasons
laser fluence is observed. The excimer lamps emit at thefor this behavior are not clear, but it might be due to desorp-
same wavelength as the excimer laser, but with incoherenttion of adsorbed species or most probably to the temperature
radiation, and in quasi-CW mode. The peak photon fluxes increase of the polymer surface upon irradiation with the hot
of the lamps are also low compared to the excimer laser, lamp. After this initial decrease of intensity, an increase can
suggesting that multi-photon processes are not important.be observed. This increase is clearly visible for all irradia-
Thin films of the TC-polymer on quartz substrates were ir- tion wavelengths, but is most pronounced for irradiation at
radiated with the excimer lamps under different conditions, 222 nm. It might be caused by an increase of the molecular
i.e.in Ar, air and Q. As irradiation source, XeCl (308 nm), weight of the polymer (crosslinking), which has also been
KrCl (222 nm) and Xe (172 nm) excimer lamps were se- detected after thermolysis of the polymer in substance [40].
lected. Excimer lamps based on fluorine containing excimers The crosslinking can be explained by the photochemical
are difficult to operate, due to etching of the quartz hous- decomposition mechanism of the polymer (Scheme 2). Rad-
ing by theF,. Therefore, the KrCl excimer lamp was used ical species are created upon the homolytic bond scission of
instead of the KrF 248 nm irradiation, and additionally the the N—N bond. In the next step, nitrogen is eliminated and
Xez excimer lamp. Different atmospheres were used for the the radicals combine to form a crosslinked polymer. This
172 nm irradiation, because oxygen has a strong absorptioncrosslinked polymer is insoluble and the whole process is
band around 172 nm and ozone, oxygen radicals and exciteccomparable to the processing of a negative photoresist. The
molecular oxygen species are formed upon irradiation [38]. photon energy (4.02 eV) of the 308 nm excimer lamp has
These reactive oxygen species cause photooxidation, in adenough energy to break the N-N bond (1.7 eV), but the
dition to the direct photolytic decomposition of the poly- energy is only slightly above the binding energy of C-C
mer. The irradiations at 308 and 222 nm were carried out in bonds (3.6 eV) and clearly below the energy of=3ond
air. Effective direct etching of polymers by excimer lamps (6.36 eV). The binding energies of the bonds in the aromatic
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Fig. 7. Change of the absorption at 332nm at various irradiation times with 172, 222 and 308 nm. The irradiation was performed in air for 308 and
222 nm wavelengths, and in Ar for 172 nm. The absorption was normalized to 1 for all experiments.

systems, which are probed at 196 nm, should be somewheregedistribution of the energy takes place, resulting not only in
between these values. This explains why only small changesthe decomposition of groups that are directly related to the
of the band at 196 nm are detected for 308 nm irradiation. irradiation wavelength. In other words, it is expected that
In the case of 222 nm irradiation, both bands are decreas-with irradiation at 222 nm (or 172 nm) the most labile bond,
ing. As expected, a faster decrease of the 330 nm band isi.e. the triazene group is broken first. The higher photon en-
observed, compared to 308 nm irradiation (Fig. 7). The ex- ergy of the 222 nm photons (5.58 eV) is more effective for
citation of electronic transitions is not localized, and a fast the decomposition of the N—N bond, resulting in the faster
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222 nm irradiation and in Ar for 172nm. The absorption was normalized to 1 for all experiments.
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decomposition of the triazene group, i.e. band at 330 nm species are formed [39]. These species are very reactive and
(Fig. 7). Contrary to 308 nm irradiation, the band at 196 nm decompose the polymer. This process was described previ-
is, also decreasing with 222 nm irradiation (Fig. 8). This can ously as photooxidative decomposition [41], which can also
only be observed after an initial increase and a period of result in etching at atmospheric pressure. We observed etch
nearly constant absorption. The increase of absorption andrates of~5.5nmmirr® in air which is comparable to etch
the constant range can be explained by the above-describedates reported for other polymers (1-5nm min[39,41].
crosslinking of the polymer. These crosslinked structures This additional decomposition path is absent in Ar, result-
could have a higher absorption coefficient at 196 nm than ing in the slowest decomposition rates. In pure oxygen, on
the starting material. The energy of the 222 nm photons is the other hand, the radiation is absorbed close to the lamp,
high enough to decompose the aromatic system, and, therewhere the reactive species are formed. Therefore, less reac-
fore, to destroy the newly created crosslinked structures. Astive species and photons are reaching the polymer surface
long as many new radicals are formed upon the decompo-in O,. As a result, the fastest decomposition of the polymer
sition of the triazene group and crosslinking takes place, ais observed in air.
guasi-steady-state between decomposition and creation of The excimer-lamp irradiation experiments show clearly
crosslinked structures exists. This is the range of nearly con-that photochemical decomposition of the TC-polymer takes
stant absorption of the band at 196 nm. After about 250s place, even at low fluences and quasi-CW irradiation (the
of irradiation, when around 80% of the triazene groups are excimer lamps emit burst of UV pulses with ns duration, but
decomposed, more crosslinked groups are decomposed thawith repetition frequencies in the kHz range). The results
formed and the absorption decreases. are summarized in Fig. 9, where the inverse half-life periods
The irradiation at 172 nm results in the fastest decompo- of the two bands at the different irradiation wavelengths are
sition of both bands. In Figs. 7 and 8, the changes upon shown. It is clearly visible that with 308 nm irradiation, only
irradiation in Ar is shown, because under these conditions, the triazene band at 330 nm decreases, while for all other
additional effects of oxygen, as described below, are omit- irradiation wavelengths, both bands are decreasing. The ir-
ted. Again, an initial increase of the band at 196 nm (Fig. 8) radiation wavelength with the highest photon energy results
is observed, but is followed by a quite fast decrease. This in the fastest decomposition of both bands. For irradiation
can be explained by the high photon energy (7.2 eV) of the at 172 nm, a pronounced influence of the atmosphere can be
172 nm radiation, which can directly break all bonds in a observed. Irradiation in air results in the fastest decompo-
polymer. The decomposition of the polymer upon 172 nm sition of the band at 196 and 330 nm, due to oxidative de-
irradiation is dependent in addition on the atmosphere in composition of the polymer by the above-described reactive
the irradiation chamber. The fastest decomposition is ob- oxygen species. Upon irradiation with 308 nm and in the
served in air, followed by oxygen and argon. The 172nm early stages of the irradiation at 222 nm, an insoluble poly-
radiation is absorbed by the oxygen in the reaction chamber,mer network is formed. A quantitative comparison of the
and ozone, oxygen radicals and excited molecular oxygenhalf-life periods between the different irradiation wavelength
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Fig. 9. The inverse half-life times of the 196 and 332 nm absorptions with all irradiation wavelengths and under all conditions.



T. Lippert et al./Journal of Photochemistry and Photobiology A: Chemistry 145 (2001) 145-157 155

is not possible, due to the differentirradiation doses. Itis also (Fig. 10, bottom left), while the structure in the TC-polymer
noteworthy to mention that the irradiation is accompanied is better defined with no debris. The higher sensitivity and
by a temperature increase {00°C), due to the temperature etch rates of the triazene-polymer allows the application of

of the excimer lamps. larger phase masks, or less pulses are necessary to fabricate
an optical element with a given depths of the structures.

3.4. Novel applications The structures in Fig. 10 are obtained with 2 pulses for
the triazene-polymer, while for the polyimide more than 5

3.4.1. Microoptical elements pulses were necessary to achieve similar ablation depths.

Laser ablation can be used to create complex patterns, e.g. The combination of gray tone phase masks with the
microoptical elements. This can be accomplished by scan-highly sensitive photopolymers is suitable for the fast fab-
ning ablation tools [42], which are even capable of produc- rication of three-dimensional topographies. Single laser
ing continuous topographies by varying the applied fluence pulses can create complex structures, such as Fresnel lenses.
on the material surface. Due to the sequential nature of theA pattern transfer into glass or quartz, e.g. by proportional
method, the throughput is very limited. A parallel patterning €tching techniques, would open an even larger spectrum of
of larger areas requires a set-up comparable to photo stepapplications.
pers, where the mask structure is projected onto the substrate
surface [43]. One of the major problems of this method is 3.4.2. Near-IR irradiation for LPT
the damage occurring in chromium absorber structures of A very different application of laser ablation of poly-
standard photomasks at higher laser fluences [44]. An alter-mers can be found in aerospace science. With the advent of
native technique utilizes diffractive grating structures etched microsatellites (>10kg), nanosatellites (1-10kg) and even
into a quartz mask blank to diffract the transmitted light picosatellites £1kg), it is necessary to develop steering
out of the aperture of the projection optics [23,45]. This engines which have a small mass200g) and size, pro-
method combines the capability of scanning ablation tools duce a high specific impulse, and are inexpensive [25]. One
to vary the ablated depth continuously with high through- promising candidate for this application are LPTs, which
put of projection methods. An additional improvement can have some advantages over more common candidates for
be achieved by the application of our special photopoly- microthrusters, such as pulsed plasma thrusters or resistojets
mers, e.g. TC-polymer. An example of microstructures, i.e. [25]. Due to the specific demands, i.e. weight and power, of
Siemens stars, etched into the TC-polymer and polyimide small satellites, small powerfuM1 W) diode laser must be
are shown in Fig. 10. The Siemens star is used to check theused. These lasers emit in the near-IR (930-980 nm), with
ablation resolution and to find the focal point for ablation. an available power of around 1-5W and pulse lengths from
The modified and re-deposited material is clearly visible 100us to the ms range. Fluences of several 100 Jcoan
around the ablated structure of the polyimide (Fig. 10, top be achieved with standard optical components (laser spot
left), but is absent for the triazene-polymer. Any surface diameter around pm). The long pulse lengths of the diode
contamination or modification will deteriorate the perfor- lasers restrict the applicable materials to polymers, which
mance of the microoptical elements and render the ablationhave low thermal conductivities. The performance of the
rates unpredictable. In the case of polyimide, redeposited LPTs is to a large extent depending on the properties of the

material is also clearly visible inside the ablated structure polymers used in these devices. The well-defined exother-
mic decomposition of the TC-polymer was an attractive

feature to test these polymers also for an application with
near-IR irradiation.

To analyze the performance of polymer films for LPTs,
the target momentum was measured by a special developed
torsion balance [25]. The target momentum is used to calcu-
late the momentum coupling coefficie®@y,. This quantity

is defined as
mAv
Cm = W

with mAv as target momentum produced during the ejec-
tion of laser-ablated materialy is the incident laser pulse
energy.

Most polymers have to be doped to accomplish an ef-
fective absorption in the near-IR. Carbon was chosen as
Fig. 10. SEM images of Siemens stars fabricated by laser ablation. Top: dopant due to the broad homogenous absorption over the

Siemens stars in polyimide (left) and in the triazene-polymer (right) using Whole near-IR range. Thin films of two doped polymers,
5 pulses. Bottom: magnification of the Siemens stars in the top row. i.e. TC-polymer and poly-vinylalcohol as an example for a
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Fig. 11. Momentum coupling coefficients (impulse/laser energy) at various fluences for the carbon-doped polymers. Optical dedStato®35nm,
film thickness~65um, PET substrates.

commercial polymer, were prepared with an optical density measurements show differences between irradiation at the
of ~0.9 and a thickness of around @n. absorption wavelength of the triazene group (308 nm) and
In Fig. 11, the momentum coupling coefficients at var- irradiation at a shorter wavelength (248 nm). A linear range
ious laser fluences of the two polymers are shown. The for the detection of the main ablation product,an be
triazene-polymer reveals higher coupling coefficients and observed for 308 nm irradiation and the change from linear
more important, a quite well-defined threshold for a maxi- to non-linear behavior coincides with the ablation thresh-
mum C,. The well-defined threshold and high@f, of the old. Larger fragments show lower intensities for 248 nm
triazene-polymer is an important feature for the design of irradiation, due to the additional decomposition of these
a plasma thruster with tape-like polymer fuel, because the fragments, which most probably are absorbing at 248 nm
optimum incident laser fluence and tape speed are clearlyand not at 308 nm, by the higher photon energy and the
defined. lower etch rates for 248 nm irradiation. The triazene group
decomposes photochemically with excimer-lamp irradiation
at 308 nm, without major decomposition of the aromatic
4. Conclusions groups. The resulting crosslinked polymer is insoluble in
most common solvents. Irradiation with shorter wavelengths
The ablation characteristics of various polymers were (222 and 172 nm) results in subsequent decomposition of
studied at low fluences. The polymers can be divided the aromatic system. With 172 nm irradiation, the fastest de-
into three groups, polymers containing triazene groups, composition of the polymer is detected. The decomposition
polyesters with cinnamylidenemalonyl groups, and poly- is most effective in air where reactive oxygen species, such
imide as reference polymer. The polymers containing the as radicals, cause additional photooxidative decomposition.
photochemically most active group (triazene) are also the The combination of phase masks and specially designed,
polymers with the lowest threshold of ablation and the highly sensitive photopolymers can be used for an efficient
highest etch rates, followed by the designed polyesters andfabrication of three-dimensional topographies using laser ab-
then polyimide. No pronounced influences of the absorption lation. The application of the triazene-polymer, which has a
coefficients, neithes ), nor aef, On the ablation character-  very low threshold fluence, a high ablation rate and decom-
istics are detected. The thermal properties of the designedposes without contamination of the surface, allows a fast fab-
polymers are only of minor importance. The clear difference rication of microoptical elements. The triazene-polymer also
between PI and the designed polymers might be explainedreveals superior properties for applications in the near-IR.
by a pronounced thermal part in the ablation mechanism of The carbon-doped polymer shows higher values of the mo-
PI, while photochemical activities are more important for mentum coupling coefficient (impulse of ablated products
the triazene-polymer. The time-of-flight mass spectrometry divided by laser energy) compared to a commercial polymer
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(PVAlc). The well-defined threshold for the momentum cou-
pling coefficient is an important feature for the application
of polymers in LPTs for microsatellites.
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