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Analysis of neutral fragments from ultraviolet laser irradiation
of a photolabile triazeno polymer
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A photolabile triazeno polymer was irradiated with pulsed excimer laser light at 248 nm and 30 ns
pulse width. The ablation fragments were analyzed using time-of-flight~TOF! mass spectrometry.
At fluences below 1.3 J/cm2, only neutral products were found. At these fluences, N2 is by far the
most intense neutral signal along with measurable phenyl radical~mass 76! production. The N2 TOF
shows a fast shoulder corresponding to kinetic energies of about 1.1 eV and a long slow tail
persisting for hundreds of microseconds. The tail is attributed to delayed emission of reaction
products from the polymer. The kinetic energy of the fast peak is attributed to direct ejection of
products from surface sites undergoing exothermic decomposition. A weaker signal due to the
phenyl radical is also observed. The observed fluence dependence of the two major products is
highly nonlinear and is shown to fit an Arrhenius equation. We discuss the implications of these
measurements regarding photochemical versus photothermal processes. ©1999 American
Institute of Physics.@S0021-8979~99!07924-4#
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I. INTRODUCTION

Laser ablation of polymers has been studied extensiv
with various analytical techniques.1 The ablation mecha
nisms, i.e., photothermal versus photochemical, are still
ten controversial. Srinivasan2 has repeatedly emphasized t
importance of looking at the product distribution in order
establish and/or test ablation mechanisms. Mass spectro
ric studies have been performed on various polymers un
various conditions, e.g., as a function of irradiation wav
length and laser fluence.3 Analysis of the ejected material ha
revealed ionic and neutral species with masses ranging f
small degradation fragments,4,5 to the monomer~from unzip-
ping reactions!,6,7 to carbon clusters,8 and finally to polymer
fragments with molecular weights of up to 2500.9,10 Time-
of-flight ~TOF! distributions~in reality, these are ‘‘time-of-
arrival’’ curves! of neutral fragments have been analyzed
determine the energy distributions of the fragments. For s
eral polymers such as polystyrene, Teflon, and polyme
methacrylate~PMMA!, Maxwell–Boltzmann distributions
were obtained, yielding temperatures compatible with pho

a!Electronic mail: jtd@wsu.edu
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thermal decomposition.11–13 In the case of polystyrene irra
diated at 193 nm, an adiabatic expansion model inferred t
peratures of;2350 K.14 When absorbing chromophore
were purposefully added to PMMA, a combine
photochemical/photothermal mechanism was evident.15

In general, most TOF-mass spectrometer~MS! studies
have given strong indications for photothermal ablati
mechanisms. To test whether a photochemical mechan
could be identified with TOF-MS, we chose a polymer co
sidered photolabile, which also has excellent properties a
resist for high-resolution microlithography.16 Here, we show
that the principle products~chiefly N2) from this triazeno
polymer have components that are much more energetic
expected for thermal products. Further, the fluence dep
dence of the emissions is a strongly nonlinear function
fluence, again suggestive of a nonthermal decomposi
mechanism. Nevertheless, an Arrhenius description@used
previously for the UV laser induced products from polyte
rafluoroethylene~PTFE!6#, assuming an activation energ
equal to the thermal decomposition energy of the polym
yields a good description of the emission intensities. We t
tatively conclude that the photothermal aspects of this p
cess dominate.
6 © 1999 American Institute of Physics
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II. EXPERIMENT AND CURVE FITTING

The chemical structure of the polymer is diagramed
Fig. 1. Its average molecular weight is about 71 000 g/mo
corresponding to about 190 monomer units~n in Fig. 1!.
Synthesis of the polymer is described elsewhere.17 Thin films
~several hundredmm thick! of the polymer were prepared b
solvent casting onto a polypropylene substrate. It should
noted that the decomposition of the monomer is exother
with a decomposition enthalpy of2624 J/g.18 The absorp-
tion coefficient at 248 nm is;66 000 cm21, which is quite
high; nevertheless, it is not at the maximum~typically at
wavelengths in the 310–350 nm region!.

The experimental arrangement has been descr
previously.19 The polymer films were irradiated at 248 nm
a pulse repetition rate of 1 Hz to avoid accumulative heati
Emissions were detected with a quadrupole mass spect
eter ~UTI 100C! mounted with the ionizer 30 cm from th
sample. Time-resolved quadrupole mass spectroscopy
used to simultaneously measure both the charge to mass
(m/z) and the time-of-flight distributions of the emitted sp
cies. Curve fitting techniques were employed to test vari
models of the emission process.

Nitrogen molecules emitted from the polymer show
both highly energetic components~short TOF! and very slow
components consistent with emission long after the la
pulse. The overlap between the fast and slow compone
and the fact that a large majority of the total counts reside
the slow component, make it particularly important to d
scribe the leading edge of the slow component accuratel
order to characterize the fast component. To carry this ou
number of models were tested by curve fitting the acqui
TOF curves.

The model employed below assumed that the emiss
intensity of the slow component was controlled by a th
mally activated process~which we assume is decompositio
limited but could be diffusion limited! which continued after
the laser pulse. That is, the emission rate,S(t8) is given by

S~ t8!;S0 exp~2Ea /kT!, ~1!

FIG. 1. Chemical structure and a possible decomposition scheme fo
triazenopolymer.
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whereEa is an activation energy,k is Boltzmann’s constant
and T is the surface temperature. The laser will heat
surface to some temperatureTRT1DT ~where TRT5room
temperature! and the surface subsequently cools. The em
sion rate is a strong function of how the sample cools, wh
in turn depends on the initial temperature distribution. W
assume that laser heating is initially confined to a surf
layer of deptha. This initial temperature distribution is con
sistent with the highly absorbing nature of the polymer.
the fluences employed in this work, the absorbing cen
should be ‘‘saturated’’ to a significant depth. If the saturat
material lacks the ability to absorb additional photons~which
may require the absorption of more than one photon!, the
depth of the heated region should be a strong function
laser fluence, while the temperature of the heated mate
remains roughly constant~determined by the chromophor
concentration and the number of photons required to satu
the chromophores!. Under these conditions, the surface te
perature after the laser pulse varies as

T5TRT1DT erfS a

2Akt
D 5TRT1DT erfS a

At
D , ~2!

wherek is the thermal diffusivity,t is the time since the lase
pulse, anda51/2Ak, the actual fit parameter employed
modeling. Although the physical model~and the number of
parameters! may seem to be unnecessarily complex, the
sulting equations displayed good behavior when fits to
slow tail were extrapolated back into the fast/slow over
region. This is not the case with several simpler mode
including those based on linear, Beer’s law absorption.

To predict the actual detected signal,I (t), at the detector
position relative to the sample (x,y,z), the emission rate was
convoluted with the Maxwell–Boltzmann velocity distribu
tion, MB(t2t8),

I ~ t !5E
0

t

S~ t8!MB~ t2t8!dt8, ~3!

where MB(t2t8) is given by

MB~ t2t8!5
x

2p~ t2t8!4 S m

kTD 2

3expS 2m~x21y21z2!

2kT~ t2t8!2 D . ~4!

S0 , Ea , DT, and a were determined by least-squares fi
ting techniques.20

Extrapolating this model to short times produced
physically plausible leading edge to the slow emission co
ponent, allowing for a reasonable description of the f
component. The fast component was described by assum
that the emitted N2 had a Gaussian energy distribution wi
amplitudeA, most probable energyE0 and standard devia
tion s, where all particles are emitted during the laser pu
~a delta function in time!. This distribution is readily trans-
formed to yield a particle density at the ionizer vs. time.

Experimentally, the analysis of the fast component
complicated by the delay between particle ionization@with

he
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the rate given by Eq.~4!# and particle detection at the ex
aperture of the quadrupole mass filter. Ionized particles
tering the mass filter gain a kinetic energy of 15 eV, which
much greater than the kinetic energies of typical partic
with effective temperatures below a few thousand K. Th
for thermal distributions, the travel time through the ma
filter is essentially constant and can be simply subtrac
from the arrival time at the detector. However, particle v
locities ~before ionization! in the fast component are muc
higher and significantly affect the travel time through t
quadrupole mass filter. The travel time through the mass
ter for these particles was determined by solving the app
priate fourth-order equation by iteration for each data po

III. RESULTS AND DISCUSSION

Photodecomposition of the polymer is expected to yi
significant amounts of volatile N2 ~28 amu! phenyl radicals
~76 amu! via the proposed reaction pathways shown in F
1. Other low molecular weight species are also expec
~e.g., various CH fragments!, but in most cases it is not clea
whether these other fragments were created during abla
or are cracking fractions created by electron impact ioni
tion. Therefore, we focus our attention on N2 and the phenyl
radical. No intact repetition units were found among the
lation fragments, presumably due to the photolabile chara
of the triazeno units (R2N15N22N3,) of which two are
found in each repetition unit. The photochemistry of the tr
zeno group in monomeric compounds has been previo
studied in detail. The first step of UV photodecompositi
involves homolytic bond breakage between the N2 and N3

(R2N15N2
••N3,) nitrogen atoms, creating two

radicals.21,22The diazo radical is quite unstable and would
expected to decompose by elimination of N2 , creatingR•
species which have been detected by electron spin reson
~ESR!.21,22

The neutral fragments observed during UV laser ablat
of the polymer are in fact compatible with this decompo
tion mechanism. The two fragments with the highest int
sities are N2 (m/z528 amu/e! and the phenyl fragmen
(m/z576 amu/e!. Two molecules of each species can
liberated by the decomposition of each repetition unit. N2 is
chemically inert and relatively stable during electron imp
ionization. Similarly, the phenyl fragment, like most ar
matic compounds, shows a very stable parent molecular
In contrast, aliphatic compounds like the aliphatic ami
fragment (m/z5142) undergo extensive fragmentation
the ionizer. Phenyl fragments can also be formed by fr
mentation of intact diphenyl ether fragments (m/z5168)
during electron impact ionization or during laser induced
composition. The diphenylether fragment (Mw5168) ab-
sorbs strongly at 248 nm, which would promote dissociat
into phenyl fragments.

By far, the most intense neutral signal is due to N2 .
Figure 2 compares the time-of-flight curves for N2 at three
fluences. Only the first 500ms of data are shown. Over thi
time interval, the great majority of the detected signal can
attributed to N2 emitted directly from the sample, as oppos
to molecules bouncing off the chamber walls.~This was veri-
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fied by performing identical TOF measurements after blo
ing the direct path between the sample and the ionizer.!

All three TOF curves in Fig. 2 show a distinctive shou
der on the fast leading edge, followed by a broad peak
long tail. The particles in the shoulder are moving extrem
fast; the position of the shoulder corresponds to a kine
energy above 0.7 eV. The Gaussian energy distributions u
to model these fast peaks are also shown in Fig. 2. At
lower fluences, where the effect of gas phase collisions
the energy distributions can be neglected, the center~mean!
energy of the Gaussian distributions correspond to 1.160.1
eV. These energies are well above those expected for typ
thermal processes, and are presumably due to the conc
motion of decomposition fragments. That is, the react

FIG. 2. Time-of-flight signals for N2 at three laser fluences. A curve fit t
the data using a Gaussian energy distribution for the shoulder and Eq.~3! for
the slow peak is shown in the light, broad line; the individual fast and s
components are shown as dark lines.
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fragments depart from the parent molecule without collid
with other particles; these particles are not ‘‘thermalize
and display kinetic energies comparable to the loss of po
tial energy in the exothermic decomposition reaction. Sim
TOF curves have been observed for reaction fragments
lowing the IR induced, exothermic decomposition of m
lecular cyclotrimethylene-trinitramine~RDX!, an energetic
compound used in explosives and rocket propellants.23 UV
laser irradiation~248 nm! of solid RDX single crystals
yielded a number of product species exhibiting both a ‘‘h
and cold’’ component.24

The broad peak and tail in the N2 TOF distribution are
much broader than Maxwell–Boltzmann distributions w
similar peak TOFs. Nevertheless, the peak TOF does shi
shorter times with increasing fluence. This shift is often
sociated with thermal emission, where higher fluences p
duce higher surface temperatures and thus faster particle
such cases, long emission tails are often associated
emissionafter the laser pulse.25,26For instance, either a ther
mal decomposition rate decreasing in time due to cooling
the diffusion of volatile species~produced in the bulk of the
polymer! to the surface could explain a slowly decayin
component of emission that persists long after the la
pulse. Estimates of the total yield of N2 per laser pulse ex
ceed 1015 molecules/cm2 as the fluence is increased to 31
mJ/cm2. At this particle density, collisions among the em
ted N2 molecules are expected to modify the original~as
emitted! velocity distribution.27

Weaker emissions at 76 amu~the phenyl radical! are
also observed. Typical TOF distributions are shown in F
3. Note that higher fluences are employed in these meas
ments to provide measurable signals for analysis. Again,
leading edge of the TOF distribution is fast. The maximu
particle velocities at this mass are only slightly less than
maximum N2 particle velocities at the same fluence. T
higher mass of the phenyl radical ensures that the energie
the fastest phenyl radicals are much higher than the ene
of the fastest N2 molecules. We attribute the high velocitie
of the fastest phenyl radicals to collisions with fast N2 mol-
ecules leading to entrainment of the heavier molecules
the limit of large numbers of collisions, the fast N2 and fast
phenyl radicals will move with very nearly the same velo
ties, as observed.~This process is exploited to accelera
massive molecules to high kinetic energies, by entrain
them in a supersonic molecular beam formed by free a
batic expansion of a light gas such as helium.! As noted
above, the N2 densities at the lowest fluence displayed
Fig. 3 ~310 mJ/cm2) are adequate to account for such a c
lisional acceleration of the phenyl radicals. Like the N2, the
phenyl radicals also display a long tail, consistent w
slowly decaying emission intensities long after the la
pulse. The phenyl intensities were typically less than 1%
the N2 intensities at the same fluence.

The intensities of both N2 and phenyl radicals depen
strongly on fluence. Their fluence dependence is displaye
log-log plots in Fig. 4. As discussed above, N2 is much more
intense than the phenyl radical~by almost two orders of
magnitude! and is first detected at considerably lower fl
ences. Much of this intensity difference can be attributed
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differences in the survival and ionization probabilities of t
two species. Thus, it is not clear how much of the appar
difference in emission threshold for N2 and phenyl radicals
in Fig. 4 is due to different emission intensities versus d
ferent detection probabilities. Since two N2 molecules must
be emitted to release one phenyl radical, some differenc
fluence dependence is expected. For both species, the i
sity rises above the background in approximately power
fashion. Finally, at still higher fluences, the intensity ro
over, growing more slowly with increasing fluence. Th
slopes of the ‘‘power-law’’ portions of the two plots are 8 fo
N2 and ;12 the phenyl radical, respectively. Although w
could suggest that this corresponds to an 8 and 12 ph
process~either multiphoton or multiple photon!, this seems
totally unacceptable and unreasonable. Furthermore, it is
consistent with a simple photodecomposition mechan

FIG. 3. Time-of-flight signals for the phenyl radical at three laser fluenc
A curve fit to the data using Eq.~3! is shown in the light, broad line.
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where we would expect the number of product molecu
~broken bonds! to be first order in the laser fluence.

An alternative mechanism to explore in terms of th
fluence dependence is a photothermal mechanism which
propose would fit an Arrhenius equation.6 For a single pho-
ton photothermal process, where all absorbed light goes
heat, and neglecting thermal diffusion, the temperature
can be expressed in terms of the absorption coefficient,a:

DT5
F0~12R!a

rCv
, ~5!

whereF0 is the laser fluence at the sample surface,R is the
surface reflectivity at the laser wavelength,r is the sample
density, andCv5heat capacity of the sample. Thermal d
fusion can be neglected if the conduction during the la
pulse is less than the laser spot size or the thickness o
heated layer. This is ensured if the characteristic ther
diffusion length, (2kt)1/2 ~wherek is the thermal diffusivity
of the polymer andt is the laser pulse width—30 ns!, is
much less than the radius of the laser spot~500mm! and the
thickness of the heated layer (;a21;170 nm!. Assuming
that the thermal properties of this polymer are similar
polycarbonate or polyethylene, the characteristic diffus
length is on the order of 60 nm during the laser pulse. Thi
indeed much smaller than the laser spot size and significa
smaller than the expected thickness of the heated layer.

Using this temperature, an Arrhenius-like description
the emission intensity yields

FIG. 4. Log-log plots of the signal intensities for the two principal fra
ments~a! N2 ~28 amu! and~b! the phenyl radical~76 amu!, as a function of
laser fluence.
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I ~ t !5A expF 2Ea

k~TRT1DT!G , ~6!

whereEa is the activation energy. In principle, one can d
termineEa by fitting Eq.~6! to the data, but a more stringen
test of the thermal decomposition hypothesis is obtaine
we fix Ea to the known activation energy for thermal decom
position for this material (Ea;2.1 eV!. Equation ~6! was
then fit to the intensity versus fluence data@with the omission
of an outlier data point in Fig. 4~b!# and the results are show
in Fig. 5. Although one might argue that the data system
cally depart from the model at the lower fluences, the flue
range adequately treated by Eq.~6! is significantly greater
than the ‘‘power law’’ region of Fig. 4. Furthermore, we ca
plot the intensities of the mass 28 fast component at
lower laser fluences. These data are shown by the gray
in Fig. 5~a! and are seen to fall directly on the Arrheniu
equation fit. Our conclusion is that a thermal-activati
model describes the intensity versus fluence data quite
equately.

The predicted temperature rise from Eq.~6! provides a
check on the physical reasonableness of a thermal activa
description. At a fluence of 400 mJ/cm2, both curve fits in
Fig. 5 indicate a temperature change of about 6000 K. Thi
on the high end of what one might consider to be physi
temperature values. However, it is consistent with tempe

FIG. 5. Linear plots of the signal intensities for the two principal fragme
~a! N2 ~28 amu! and ~b! the phenyl radical~76 amu!, as a function of laser
fluence. The dark line shows a least-squares fit of the data to a the
model for emission, assuming an activation energy of 2.1 eV~the thermal
activation energy for polymer decomposition!. The gray dots in~a! indicate
the area of the N2 fast peak determined from curve fits to the TOF data.
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tures predicted by curve fits to individual TOF curves at t
fluence using Eq.~3!. We also note that decomposition me
surements on second to minute time scales~as in differential
scanning calorimetry! yield much lower decomposition tem
peratures~500–550 K!. Due to the short time scales for hea
ing during laser ablation, much higher temperatures are
quired for observable decomposition. Improved therm
models would better predict the duration of heating, wh
depends on the depth of the heated layer@as in Eq.~2!#.

The slow decay of the N2 and phenyl emissions after th
laser pulse requires emission after the laser pulse.~Although
collisions can slow particles as well as speed them up,
net effect in TOF measurements is to shift the peak TOF
shorter times.2 Collisions cannot explain the long tails.! The
duration of this emission can be estimated from the sou
function used to describe the slow tails@Eq. ~1!#. The fast
molecules were excluded from the analysis by conside
only those particles arriving at least 80ms after the laser
pulse. The source functions corresponding to the data
Figs. 2 and 3 are shown in Fig. 6, all normalized to u
intensity at timet50. The source functions for N2 are all
very similar to each other and to the low-fluence source fu
tions for the phenyl radical.@The low-fluence N2 source
function is displayed for comparison with the phenyl sou
functions as the light, broad line in Fig. 6~b!.# At higher

FIG. 6. Plots of the source functions determined from fitting Eq.~3! to the
TOF data of~a! Fig. 2 ~N2) and~b! Fig. 3 ~phenyl radical!, all normalized to
the same initial intensity. The N2 source function at 220 mJ/cm2 is also
plotted as the light line in~b! to facilitate comparison of the N2 and phenyl
radical source functions.
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fluences, the phenyl radical source functions extend
slightly longer times. At low fluences, the emission of N2

and phenyl radicals are very likely controlled by the sa
process. This tail is in fact entirely consistent with the pr
posed thermal decomposition rate@Eq. ~6!# decaying due to
cooling of the surface given by Eq.~2!.

IV. CONCLUSION

In summary, mass-selected TOF measurements du
the UV laser~248 nm! induced decomposition of a photo
labile polymer show fast neutral particles which are m
likely due to particles emitted directly from the surface by
concerted, exothermic chemical reaction. At this point, tim
of-flight measurements cannot distinguish whether this re
tion is initiated directly by photon absorption~photochemical
dissociation! or exothermic decomposition induced by the
mal excitation. Importantly, the fast mass 28~N2) compo-
nent, the total mass 28~N2) emission,and the total mass 76
~phenyl radical! emission all follow an Arrhenius relation
where the temperature is predicted from the total laser
ergy deposited. We therefore propose that photothermal
cesses are dominating the rates of formation of these p
ucts. The fast component of N2 emission may then be
attributed to a thermally induced exothermic decomposit
where the products come off prior to equilibriating with th
surface. The cooling of the surface@Eq. ~2!# explains the
slow tail in the emission that follows the laser pulse~by as
much as a hundred microseconds!, e.g., seen in Fig. 6.

We are currently exploring the use of low temperatu
~i.e., 77 K! and using low fluences to attempt to suppress
thermal processes. Furthermore, in the case of triazeno p
mers, we also expect stronger signals due to irradiation
308 nm, near a maximum in the photodissociation cross s
tion. These experiments may also provide us more inform
tion on the significance of gas-dynamic processes among
emitted fragments, where a substantial population of phe
radicals appear to have been accelerated by entrainment
haps by reducing the density of the emitted N2 to where we
might be able to see the direct phenyl radical time of flight
is possible, as proposed in an earlier laser-polymer stud15

that both photochemical and photothermal mechanisms
occurring.
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