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[. Introduction

Upon irradiation of condensed phases with laser
pulses at high laser irradiances, massive material
ejection is observed. This phenomenon has been
named “ablation”. A plot of the quantity of the
removed material as a function of laser fluence
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usually has a sigmoidal dependence, as in Figure 1,
though the exact shape may differ considerably
depending on system properties and irradiation
parameters. Despite its apparent violent nature, this
efficient material removal method has provided the
basis for a wide spectrum of highly successful ap-
plications, ranging from analytical chemistry’~* to
microelectronics,>° medicine,>” restoration of painted
artwork,'© etc. In some of these applications, UV
ablation is used to effect ejection of material in the
gas phase for its analysis or subsequent deposition.?~4?
In the other applications, UV ablation is employed
to effect the appropriate shaping or processing of the
substrate via the removal®5-810.11 of unwanted mate-
rial. In either case, ablation offers the crucial advan-
tage of micrometer precision in the removed depth,
with little thermal or other degradation to the ejected
or remaining material. Further advantages include
a high degree of reproducibility, the capability of
interfacing with a variety of laser-based techniques
for on-line monitoring of the process, etc.

Despite the widespread and highly successful ap-
plications, several aspects of laser ablation of molec-
ular substrates induced with nanosecond or shorter
pulses remain poorly understood. The first and
foremost problem to be elucidated remains the issue
of fundamental mechanisms responsible for the ma-
terial ejection, i.e., how the absorbed light energy
results eventually in material ejection. Generally, the
phenomenon is described phenomenologically from
the dependence of the etching depth (or of the amount
of the removed material) on laser fluence (laser pulse
energy per unit irradiated area, i.e., Fiaser). Usually,
the fluence at which the sharp increase in the etching
depth is observed, or the Fjser intercept of the
extrapolation of the rising section of the curve, is
considered to be the threshold for ablation. However,
despite their predominant use, such curves do not
yield much physical insight, especially since they
differ quantitatively and even qualitatively according
to irradiation and system parameters. Even the
existence of a threshold is very difficult to ascertain
from examination of these curves. Clearly, the ques-
tion raised is if ablation can be identified with specific
physical characteristics that distinguish it from
processes at lower fluences or if it is adequately
specified only in terms of the amount of material
removed. Unfortunately, for several applications, only
the amount of removed material is of concern, and
as a result, this issue has been emphasized over that
of the involved physical processes.
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The difficulties encountered in trying to establish
the fundamental physical processes underlying the
phenomenon can be easily appreciated by considering
a schematic of the various steps leading to material
ejection. In the first step, energy must be coupled into
the system via absorption. Typically, fluences of ~100
mJ/cm? (3 MW/cm?) or higher are required experi-
mentally to effect material ejection by nanosecond
laser pulses. Given a typical cross section of ~10718-
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Figure 1. Etching curves typical of the ones determined
in the UV ablation (nanosecond pulses) of molecular
systems (the particular ones concerning irradiation of
polyimide at the indicated wavelengths). Absorption coef-
ficients: a(193 nm) =4.25 x 10°cm™1; (248 nm) = 3.1 x
10% cm~1; o(308 Nnm) = 10° cm~1; (351 nm) = 0.32 x 10°
cm~1, The measurements rely on mass-loss measurements
using a quartz crystal microbalance. Changes in the
features of the curves depending on laser wavelength are
clearly noted. The curves exhibit the so-called “Arrhenius
tails” that have been a matter of controversy. At high
fluences, the curves tend to saturate (observed for the
curves at the shorter, more strongly absorbed wave-
legenths). This is often ascribed to the increasing absorp-
tion/scattering of the incident light by the material ejected
during the laser pulse. Reprinted with permission from
Kuper, S.; Brannon, J.; Brannon, K. Appl. Phys. A 1993,
56, 33. Copyright 1993 Springer-Verlag.

cm?/molecule, multiphoton processes and other non-
linearities in the absorption process, such as anni-
hilation of electronically excited states, saturation
effects, etc., become highly likely. Establishing the
absorbed energy experimentally is no easy task, since
the extensive material ejection during the laser pulse
results in significant scattering and absorption of the
incident light by the ejecta. In fact, the extensive ma-
terial ejection severely limits the use of any spectro-
scopic technique in probing processes in the substrate
(at least up to microsecond time scales after the
nanosecond laser pulse). Following light absorption,
material ejection can be envisaged to be induced in
at least four different ways. At least for nanosecond
pulses, a good percentage of the absorbed energy can
be expected to decay into thermal energy, since typi-
cal radiationless decay constants for organic mol-
ecules are ~10712—-10"?s. In view of the low thermal
conductivity of molecular systems, high surface tem-
perature changes may be attained, and desorption/
evaporation rates can be substantial (thermal mech-
anism). However, given the very short time scale of
irradiation, phase transformations under nonequi-
librium conditions may occur (explosive boiling/phase
explosion), resulting in quantitative and even quali-
tative differences from “simple” thermal processes.
Unfortunately, the dynamic optical, thermophysical,
etc. properties under these conditions can be distinct
from those of a uniformly heated system, which
further complicates the quantitative analysis and
even the interpretation of the results. The fast change
in temperature implies also a volume change and
thus a high-amplitude pressure generation, which
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can result in material ejection via essentially “me-
chanical” rupture (spallation) of the upper layers of
the substrate. To complicate things even further,
upon UV excitation, most organic molecules photo-
dissociate with rather significant quantum efficiency.
The formation of a high number of gaseous photo-
products that exert a high pressure upon expansion
and/or the high amount of energy that is liberated
by exothermic reactions can contribute to material
ejection (photochemical mechanism).

These processes necessarily occur in parallel; thus,
the question is raised of which one is responsible for
material ejection. Clearly, the different processes will
result in different features/effects, and thus the
specification of their contribution is intimately re-
lated to the question of the nature of ablation. The
relative importance of the processes can be ap-
proximately assessed via some simple criteria. As-
suming a “thermal energy pulse” and photoinert
systems, the relative importance of thermal versus
mechanical processes depends on the ratio of pulse
duration to thermal and stress relaxation times.
These times are given, respectively, by tiermal = laps?/D
and tacoustic = lans/Cs, Where laps is the optical penetra-
tion depth (assumed to be much smaller than the
laser beam radius, so that a one-dimensional analysis
applies), D is the thermal diffusivity, and cs is the
speed of sound. The two terms represent, respec-
tively, the time for heat diffusion (“thermal equilibra-
tion”) and the time for acoustic wave (and thus
mechanical relaxation) within the optical penetration
depth. Typically, for molecular solids, las in UVisin
the range from 100 nm to 5 um, and D ~ 1077 m?/s,
SO tihermal &~ 1 us and tacoustic < 1 ns. Of course, in the
case of UV excitation, the previous delineation as-
sumes that the time scale of electronic energy deac-
tivation, Telec—deact, 1S fast enough compared to the pre-
vious times. The Teec—deact < fthermar CONdition is ex-
pected to be fulfilled for most molecular systems, but
the Telec—deact < tacoustic cONdition may not be (sections
11.B.4 and 11.B.5). Neglecting for the moment this
issue, the following delineation can be drawn:

(a) For laser pulse durations shorter than tiermar
(thermal confinement regime), the temperature pro-
file is determined by the laser light distribution, i.e.,

oF
AT(@2) = —p(':a:er e (1)

where AT(z) is the temperature “jump” induced at
depth z from the surface, a is the absorption coef-
ficient, p the mass density, Fiaser the laser fluence,
and Cp the heat capacity, light reflection and scat-
tering being neglected. Since the maximum possible
temperature is attained in the target volume, ther-
mal desorption/evaporation rates can be significant
and can account for the high material removal rates
observed at high laser fluences. Furthermore, under
this condition, the extent of thermal dissipation and
damage adjacent to the irradiated area is limited.
This has been one of the key factors in the success of
nanosecond UV laser processing of molecular sub-
strates.

(b) The previous argument, however, does not
explain some of the unique features of the phenom-
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enon that have been crucial for its widespread
implementation, e.g., how fragile molecules are ejected
with minimal fragmentation. It now appears that, at
least for simple systems (photoinert and low cohesive
energy) and nanosecond pulses, these unique features
may be associated with “nonequilibrium” phase trans-
formation, namely explosive boiling. In this case, an
extra criterion may be introduced to establish whether
material ejection is due to simple thermal desorption
or to ablation, namely the rate of homogeneous
bubble formation being competitive with evaporative
cooling rates (section 11.B.2) or with the rate of energy
consumed for bubble formation in the presence of
nuclei promoting heterogeneous nucleation (section
IHLA).

(c) For even shorter laser pulses, such that tpuse <
tacoustic (Stress-confinement regime), heating is effected
under nearly isochoric conditions, leading to the most
efficient possible generation of a thermoelastic wave.
In the presence of an interface with a lower acoustic
impedance medium (e.g., air), this wave contains, due
to reflection at the interface, both compressive and
tensile stresses. Such a high-amplitude bipolar stress
wave can lead to the ejection of material via es-
sentially mechanical rupture of the upper layers
(spallation) (sections 11.B.5 and 111.B.1).

Despite their appealing simplicity, the above cri-
teria clearly serve only as approximate guidelines.
In most cases, there is a competition or synergy
between the various processes, and which one domi-
nates will depend sensitively on the characteristics
of the substrate (in particular, cohesive energy).

Evidently, it is very difficult to specify or control
experimentally all the different aspects involved in
the phenomenon. For the theoretical description,
analytical treatments similarly have to resort to
considering the individual processes, but unfortu-
nately, this simplification in mathematical formalism
may miss essential aspects of the phenomenon.
Several interesting features of material ejection in
the irradiation of molecular solids at high laser
fluences have been indicated by molecular dynamics
(MD) simulations based on the breathing sphere
model. However, even here, because of the enormous
computing power required to simulate the laser/
matter interaction, several simplifications are made
in the representation of the molecules and irradiation
conditions. In view of these difficulties, it is easily
understandable that a wide range of uncertainties
and controversies exist concerning the mechanisms
of ablation.

These problems aside, the previous discussion
directly indicates that the study of UV ablation is
highly interdisciplinary, encompassing questions from
the fields of thermodynamics, photophysics/chemis-
try, hydrodynamics, etc. As a result of this interdis-
ciplinarity, the study of UV ablation can be expected
to result in new information about molecular photo-
physics/chemistry. This is clearly underscored by the
fact that the wide range and high success of the
applications of the phenomenon would not have been
expected by conventional photochemistry. To the
contrary, by any conventional photophysical/chemical
criterion, the employed high irradiances would be
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expected to result in ill-defined effects. The fact that
this is not the case suggests the need to introduce
new concepts that may be of far-reaching scientific
impact. Indeed, important issues concerning non-
equilibrium phase transformations, electronic excita-
tion and deactivation processes, material dynamics,
etc. have already been raised and studied in the field.

Though the “power” of UV ablation is illustrated
in the processing of the complex polymers, biopoly-
mers, tissues, painted artwork, etc., 1! the study of
the processes underlying the phenomenon in realistic
systems raises significant difficulties. Studies on
simple molecular systems may provide a useful
starting point by enabling detailed probing and
elucidation of the processes. Simple compounds at
ambient conditions are usually liquids or gases.
Laser-induced material ejection from liquids has been
extensively studied in its own right. It has also
provided a basis for understanding processes in
complex systems, in particular tissues. On the other
hand, to simulate the solid state of the substrates
commonly encountered in practice, while retaining
the advantage of molecular simplicity, a number of
studies have been performed on films/solids of simple
compounds condensed at low temperatures, namely
cryogenic or van der Waals films.

In the following, the work on cryogenic films is
presented first, and subsequently that on liquids.
Certainly, laser-induced material ejection processes
in these systems are expected to be closely related.
The first reason for adopting this separate presenta-
tion is that no fully satisfactory general model(s) for
the dependence of the phenomenon on the phase/
state of the substrate has thus far been developed.
In retrospect, it is clear that in both cases, similar
problems/questions/mechanisms have been addressed
all along, but this has been recognized only in recent
studies. Furthermore, even if the same basic mech-
anisms are largely involved in both phases, there are
significant differences in terms of their energy con-
tent, tensile strength, efficiency to propagate stress
waves, species diffusivity and reactivity, etc. that
may affect various aspects of the phenomenon. Some
of these differences will be noted. The second and
main reason for the separate presentation is that
different experimental techniques have been em-
ployed in the case of solids versus liquids. As a result,
different aspects of the phenomenon have been
largely emphasized in the corresponding studies.

ll. Studies on Cryogenic (van der Waals)
Molecular Solids

A. Delineation of Photodesorption Processes

In the past decade, there has been considerable
work on photodesorption processes from cryogenic or
van der Waals films. In these studies, the van der
Waals films serve as model systems for examining
molecular dynamics in condensed phases and for
comparing to corresponding processes in the gas
phase. The studies exploit the fact that these films
can be prepared in a vacuum, thereby enabling
powerful techniques developed previously in the
realm of molecular dynamics and surface science to
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be applied to probe the photoinduced processes. These
techniques will not be described here, since they have
been reviewed in detail in the literature.'? By far, the
most usual one has been'? quadrupole mass spec-
troscopy (QMS) in a time-of-flight (TOF) arrangement
to establish the nature and the intensity as well as
the translational distributions of the ejected species.

In the framework of these studies, it was early
demonstrated that the processes induced in the
irradiation of cryogenic films at high enough fluences
exhibit distinct differences from those observed at low
laser fluences.'#1824 At very low fluences (<1-5 mJ/
cm?, depending on adsorbate absorptivity), only
photofragments or a few parent molecules are ob-
served to eject in the gas phase!?>'3 (Figure 2). The

T LB l' Ll L ll' T LB ll T L g
102k CH,1,/Ag (90K} 430
C 82100
10'F 425
= I ®CH, | Yield
= - 2 e .
2 10%F ACH,1, Yield 20
~ = ©E,(CHyI) >
] i AE_ (CH,I,) <
D
> 107 F —41.5 [;]E
A o
2 i
~—
g B
& 1072F 410
103F 40.5
> Vs
- ——m——oo-@fF
‘0-4 La1l RN ST RS B A
1072 1077 100 10! 102

Laser Fluence (mJ/cm?)

Figure 2. Intensities and most probable translational
energies (En values) of the gas-phase ejected CH,l and
CHo.l; species as a function of laser fluence in the irradia-
tion of CH,l, multilayer film (where 6 is the number of
monolayers) at 4 = 308 nm. Up to ~2 mJ/cm?2, only CH,l
is ejected in the gas phase. Its intensity scales linearly with
the laser fluence, and its most probable translational
energy is constant. This corresponds to electronically
mediated photodesorption. At higher fluences, ejection of
the parent molecule CH;l, becomes increasingly signicant.
In this fluence range, the translational energies of both
parent and fragment scale sharply with laser fluence.
Reprinted with permission from ref 15. Copyright 1989
American Institute of Physics.

desorption signal originates exclusively from absorb-
ing molecules, thus establishing the existence of
molecular selectivity in the ejection process. Only
excited molecules or fragments from the topmost few
layers of the film contribute to the signal. Ejection
is generally31418.23 ascribed to electronically medi-
ated processes, e.g., to the repulsion between frag-
ments during photolysis or to the repulsion developed
between the electronically excited molecules and
their neighboring molecules. Generally, the photo-
desorption yield is observed to increase linearly with
Flaser (Figures 2 and 3a). Furthermore, at these
fluences, the translational distribution (e.g., shape
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Figure 3. NO desorption signal vs laser fluence in the
UV irradiation of condensed NO films (250 ML thick). (a)
Fast peak due to electronically mediated desorption (4 =
247 nm). (b) Slow peak ascribable to laser-induced thermal
desorption (A = 273.7 nm). Reprinted with permission from
ref 18. Copyright 1988 American Institute of Physics.

and [Eansl) of the photodesorbed molecules/frag-
ments is independent of the laser fluence (Fjaser) and
can be related to the energy dissipation during the
desorption process (Figure 2).

In contrast, at higher fluences and for thicker solids
[Flaser = 10 mJ/cm? for ® = 30 monolayers (ML);
Figures 2 and 3b], ejection of as much as a few
monolayers per pulse is generally observed. Accord-
ingly, the term “explosive photodesorption” was
coined for this phenomenon.!® The fluence necessary
for its observation decreases with increasing surface
coverage, apparently because of the increased rate
and density of energy deposition in the film. No
selectivity is indicated in this fluence range, and even
constituents that do not absorb at the irradiation
wavelength are observed to desorb. For example, in
the irradiation of CHzl2/NH3; mixture at A = 308 nm,
significant desorption of NHj3 is observed, despite the
fact that NH; does not absorb at this wavelength.'4
In contrast, at lower fluences, only CHsl or | frag-
ments are detected in the gas phase, while NHj
desorption is negligible. The translational energies
are generally found to scale with incident laser
fluence (Figure 2), which sharply contrasts with the
invariance of the translational distributions observed
for surface-mediated processes. Domen and Chuang®?
first noted that these features of “explosive photode-
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sorption” are very similar to those observed in the
photoablation of polymers. Due to the lack of selec-
tivity and the supralinear (nearly exponential) (Fig-
ures 2 and 3b) dependence of desorption intensity on
laser fluence, the process has been considered to be
“thermal” in nature.

This “explosive” regime has been observed for a
wide number of systems (adsorbates) on surfaces,
such as CHsl,'” NO,821.22 Cl,,1920 CH3Br,2* CH,l,,13716
CsH6,2526:37 CgHsCI,%738 CgHsCH3,%8 41 etc. [In the
earliest studies, there is some ambiguity about the
exact regime in which desorption is effected, e.g., the
contradictory explanations advanced?324 for the pho-
toejection from H,O and NH; films at 248 and 193
nm]. However, surface scientists largely neglected the
phenomenon, evidently because of its “apparent”
unselective nature. Nevertheless, even in the first
studies, evidence was provided!® that explosive de-
sorption cannot be considered a “simple” thermal
process. In the UV irradiation (1 = 220—270 nm) of
condensed NO films at low laser fluences, electronic-
ally mediated photodesorption is observed!® (Figure
3a). At higher fluences, the desorbing NO signal
exhibits an additional translational component with
velocities corresponding closely to the estimated film
surface temperature (Figure 4). In agreement with
the presumed thermal nature of the process, the
intensity of this component shows a nearly exponen-
tial dependence on laser fluence (Figure 3b). Most
interestingly, at even higher fluences, the character-
istics of this translational component change (Figure
4b). This change was ascribed exclusively to the
adiabatic-like expansion of the ejected material, as
a result of its high quantity (section 11.C). No other
significance was ascribed to this difference, though
in retrospect, the change may have direct mechanistic
implications (section I1.C).

B. The Phenomenon of Explosive Desorption
1. Cluster Ejection

At present, in the whole field of ablation of molec-
ular substrates, well-defined physical criteria for
describing the phenomenon remain to be established.
Several different features have been associated with
it, but thus far, none has proven to be general
enough. As indicated in the preceding article in this
issue, molecular dynamics simulations based on the
breathing-sphere model?®~3° suggest that there is a
well-defined fluence threshold, above which massive
ejection of material occurs largely in the form of
clusters. In contrast, at lower laser fluences, ejection
of material occurs exclusively in the form of mono-
mers and (distinctly different from the electronically-
mediated process discussed in section I1.A) is ascribed
to thermal surface vaporization. The change from
monomer to cluster ejection is suggested to reflect a
change in the mechanism of material ejection, i.e.
different processes may be delineated within the
“explosive desorption regime”. In fact, cluster ejection
has often been implicated'?® to be a particular, if
not an inherent, feature of the processes induced at
high laser fluences. However, the current evidence
as well as the MD simulations indicates that cluster
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Figure 4. “Evolution” of the desorbate translational
distributions with increasing laser fluence in the UV
irradiation of condensed NO films (>400 ML thick) at A =
273.7 nm in the “explosive photodesorption” regime. (a)
Onset of collisional regime (Fjaser & 4.5 mJ/cm?). Fit of the
slow peak to a Maxwellian distribution at 300 K. The total
yield is about 1.7 x 102 molecules/shot. (b) Supersonic
expansion. The fit consists of a Maxwellian at 135 K and
a shifted Maxwellian at 150 K with a 620 m/s stream
velocity. Note that the fast peak (maximum at ~80 us) that
is ascribed to electronically mediated desorption is distinct
from the supersonic peak. Reprinted with permission from
ref 18. Copyright 1988 American Institute of Physics.

ejection is due to different mechanisms according to
the laser pulse width. For this reason, the discussion
herein is limited only to the irradiation with typical
nanosecond pulses, whereas the influence of the laser
pulse width is discussed in section 11.B.5. The plau-
sible limitations resulting from the neglect of the
electronic degrees of freedom in the MD simulations
are addressed in sections 11.B.4, 11.B.5, and I11.C.

Experimentally, the suggested intense cluster ejec-
tion is not documented in most cases. For the major-
ity of systems mentioned in section I1.A to have been
studied in the explosive regime, signal for even
dimers of the parent molecules accounts for ~5% or
less of the total signal.’®2°-22 Evidence for cluster
ejection deriving from changes in the translational
distributions with successive laser pulses® is incon-
clusive, as these may be ascribed to film structural
changes. However, the failure to detect clusters may
be partly due to the limitations of the employed
ionization techniques. In most cases, ionization of the
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neutral desorbates is effected with high electron-
impact energies (Ecectron > 50 eV) or high laser
intensities. These conditions may result in extensive
fragmentation of the clusters.3?

Nevertheless, (HBr), clusters (n < 4) have been
detected?” in the irradiation of HBr multilayers at
193 nm with 0.3—5 MW/cm? irradiances (zpuise ~ 30
ns). Though the study did not recognize it, the irra-
diation condition clearly corresponds to “explosive de-
sorption” (ejection yield of 100 langmuirs per pulse).
The relative intensities of the clusters (1.00:0.01:
0.001:0.001, for cluster size n from 1 to 4) were noted
to be inconsistent with their formation in adiabatic
expansion of a gas. Thus, the clusters were suggested
to eject directly from the surface. The possibility of
cluster ejection in the irradiation at high fluences was
recognized by Knutzer et al.'” in the irradiation of
condensed CHgsl films at 266 nm. The resonant
multiphoton ionization spectra of the desorbates were
noted to become broad and featureless in the “explo-
sive photodesorption” regime. These spectral features
are strongly indicative of cluster ionization. Evidence
for cluster ejection in the irradiation of 2,5-dihy-
droxybenzoic acid and poly(ethylene glycol) films
(Flaser = 4—12 mJ/cm? at A = 337 nm) has been
obtained by trapping the ejected material on a plate
and examining the morphology of the deposited
material by atomic force microscopy (AFM).3* The
study has carefully avoided the caveats of the trap-
ping method. At low fluences, the collected films are
smooth, indicating molecular deposition. In contrast,
at higher fluences (>4 mJ/cm?), the films are rough
and composed of particles (~200 nm diameter),
indicating the deposition of material in the form of
clusters or droplets. Cluster contribution is indicated
to decrease at higher laser fluences, in good agree-
ment with the results of simulations.®° Cluster for-
mation has been reported occasionally for other
systems but has not been studied in detail.*?

Haskin and John3®? have examined the desorbate
time-of-flight spectra as a function of the delay time
and position of the focused postdesorption ionization
laser beam in the 266-nm irradiation (I = 15 MW/
cm?) of films of chrysene-di, (Figure 5). When the
ionization beam is focused ~100 um away from the
surface, a well-defined parent ion peak of high
resolution is observed. In sharp contrast, when
ionization is effected close to the surface (~50 um),
the recorded parent ion signals are found to be broad
and of very low resolution (Figure 5). These changes
in the mass spectra resolution can be attributed to
the fact that, close to the surface, clusters are ionized,
whereas at larger distances, the ejected molecular
clusters have disintegrated into their monomers.
Disintegration may be due to the high internal
energy excitation of the ejected clusters, thus result-
ing in significant evaporation (section 11.B.2), and/
or due to the numerous collisions that the clusters
suffer in the plume (section 11.C). At any rate,
according to the previous result, a second reason for
the failure of most studies to detect clusters may be
related to the fact that desorbate detection is effected
at relatively large distances (>10"' m) from the
substrate. The time scale of cluster ejection was also
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Figure 5. Mass spectra of laser-ejected chrysene-d;;
recorded by postdesorption laser ionization with the focused
ionizing beam 100 um (upper graph) and 50 um (lower
graph) from the surface. The desorption wavelength is 266
nm, and the delay between desorption and ionization laser
pulses is fixed at 0.4 us. The parent ion envelope consists
of the molecular ion (m/z = 240), the 13C isotopomer (m/z
= 241), and satellite [M - nD] peaks associated with the
loss of 1—4 deuterium atoms from the parent chrysene-
di2. Reprinted with permission from ref 32. Copyright 1999
American Chemical Society.
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examined. At relatively low laser fluences, cluster
ejection is indicated to last for 0.5—0.8 us, after which
desorption is largely in the form of monomers,
whereas at high fluences, cluster ejection continues
up to ~1.5 us. The temporal evolution of the ejection
processes will be considered further in the next
section.

Cluster observation has been common in the ir-
radiation of frozen aqueous solutions of salts. In the
266-nm irradiation of frozen CeCls/H,O solutions
(absorption is ascribed to electronic excitation of the
hydrated metal®) at 3 x 108 W/cm? (tpuse ~ 8 NS),
CeO(D,0)" (x = 5) and D30%(D,0), (n = 1-3)
complexes are detected.®® Fragmentation of larger
laser-ejected clusters and/or condensation processes
in the plume are implicated. (H;0)*(H,0), and
Na*(H,0), (n = 1-30) ionic clusters series have also
recently been reported* in the IR ablation of frozen
aqueous solutions of a protein, but the mechanism
of cluster formation in this case remains to be fully
elucidated. In the irradiation of frozen aqueous
solutions of XMnO,4 (X = Na, K) salts at 532 nm,3¢
neutral cluster ejection, established via photoioniza-
tion at 322 nm, is observed upon irradiation at | ~ 6
x 107 W/cm?, while direct ejection of ions is observed
at 2.5 times higher irradiances. Peaks corresponding
to M(H,0)," (M = Na, K) clusters, with n values as
high as ~16, have been detected. Interestingly,
though the cluster size distribution resembles that
obtained in supersonic jets, the estimated Mach
number for the plume expansion in the laser process
is too small (section I1.C.). Thus, as in the irradiation
of HBr films,?” the observed cluster series is indicated
to represent or derive largely from clusters directly
ejected from the film. Probably, in the case of these
systems, the strong interaction of the metallic ion
with the solvent molecules prevents the clusters from
being completely fragmented/evaporated to their
monomers. Other factors, such as degree of internal
excitation, differences in the collisional rates in the
plume, etc., may also affect the stability of the ejected
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clusters in the various systems, but at present such
considerations are highly speculative. The impor-
tance of the strength of the intermolecular interac-
tions for the common observation of adduct peaks in
MALDI has often been indicated.**4°

In all, cluster ejection in the irradiation at high
irradiances is by now demonstrated for a number of
molecular solids. In contrast, at lower fluences, it is
a rather rare observation and is largely accounted
for by system-specific (substrate-mediated) mecha-
nisms.'* Certainly, the generality of the statement
is far from being proven, but elucidation of the factors
that contribute to the evolution and survival rate of
the clusters in the plume will help in addressing this
issue further. Yet, even if established, cluster ejection
does not provide a mechanistic understanding of the
phenomenon.

2. Ejection Mechanisms

In a different approach, the operation of two
different, competing mechanisms in the UV irradia-
tion of van der Waals solids at high irradiances has
been shown through the comparative examination of
the ejection efficiencies of nonabsorbing dopants
(alkanes such as c-C3Hsg, c-CgH12, C10H22, and ethers/
alcohols (CH3)2(CH),0O, D,0) of varying binding
energies to the matrix.3*4! C4HsCH3 is employed as
a matrix because of its minimal fragmentation,*®
thereby avoiding complications due to any photore-
activity. Since the dopants do not absorb at the
irradiation wavelength (1 = 248 nm),*® their relative
ejection efficiencies provide information on the nature
of the energy dissipation in the film and of the
mechanisms by which it results in material ejection.
Essentially, in the comparison of these systems, the
particularities of the excitation step(s) remain the
same, so the nature of the ejection process can be
examined independently of the photoabsorption.

The desorption efficiencies are probed as a function
of laser fluence via time-of-flight quadrupole mass
spectrometry (i.e., neutral desorbates are detected via
electron impact). Interestingly, a fluence range (1 x
105—-3 x 10° W/cm?, tpuse ~ 30 ns) can be deline-
ated in which the desorption signal as a function of
laser fluence (Figure 6) clearly follows an exponen-
tial (Arrhenius-type) dependence, or more strictly,

1 AEdes
SO A/ 27mkgT eXp( kBF,aser) @)

The activation energies (AEges) for the laser-induced
ejection of the various dopants are found to be in
rather good correspondence with their binding ener-
gies to the matrix, as these are determined by
conventional thermal desorption spectroscopy (TDS)
(Table 1).#7 As a result, at these fluences, only
dopants that are weakly bound to the matrix are
observed in the gas phase.*® Thus, it is strongly
suggested that desorption at these fluences is con-
sistent with surface thermal vaporization. Other
mechanisms of ejection are shown to be unimportant.
It is noted that for weakly bound dopants, the
desorption signal can be very high, a point whose
importance will be underlined in section 11.B.3.
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Figure 6. (a) Desorption intensity of neutral toluene
(CeHsCH3) recorded from freshly deposited films as a
function of the incident laser fluence at 248 nm. (b)
Semilogarithmic plot of the desorption yield as a function
of 1/Faser.- Reprinted with permission from ref 47. Copyright
2002 University of Crete.

Table 1. Comparison of Desorption Energies
Determined by Thermal Desorption Spectroscopy
and Activation Energies for the Laser-Induced
Desorption below the Ablation Threshold (Reprinted
with permission from ref 47. Copyright 2002
University of Crete.)

ETDS Edes
(kJ/mol)® (kJ/mol)e

system? compound

neat C5H5CH3 C5H5CH3 41 +£ 2 30+3

(CHj3).0/CsHsCH3 (CHj3).0 16 + 3 17 + 3
CeHsCH3 35+ 3 25+ 3

¢-C3Hg/CsHsCH3 c-CsHg 15+ 3 14 + 3
CeHsCH3 35+ 3

CeH12/CsHsCH3 CeH12 33+4 2246
CeHsCH3 39+ 3 25+ 3

C10H22 /CGHSCH3 C10H22 d 77
CeHsCH3 45+ 5 31+2

a Mixtures of the indicated compounds with a 1:5 molar ratio
of the dopant vs CsHsCHa. ? Binding energy of the compounds
as determined by thermal desorption spectroscopy. The bind-
ing energy of CsHsCHj5 differs in the different systems, due to
the influence of the relatively high concentration of the
dopants. ¢ Activation energies determined from conventional
semilogrithmic plots of the laser-induced desorption signals
VS 1/Fjaser. 9 C1oH22 desorbs thermally at temperatures well
above that at which all C¢HsCH3 has desorbed.

In contrast, in the irradiation at higher laser
irradiances (I > 3.3 x 10%° W/cm?), the ejection
intensities of the various dopants show no correlation
with their binding energies to the matrix.3?4° Even
dopants that are strongly bound to the matrix (such
as CioHaz,, with a binding energy to the matrix of ~0.8
eV) are found to be ejected efficiently. Furthermore,
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the dopant-to-matrix signal ratios reach values close
to the initial film stoichiometry (but, note that
deviations are usually observed in the case of the
strongly bound dopants) (Figure 7a). It is demon-
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Figure 7. Concentration [i.e., lgopant/(ldopant T+ ltoluene)] Of
(CH3),0 and CyoH;; dopants in the plume as function of
the laser fluence (Fiaser) in the irradiation of frozen mixtures
of these dopants with CsHsCHas. (a) Mass spectrometric
measurements (1 = 248 nm) and (b) molecular dynamics
simulations. The horizontal lines indicate the initial con-
centration of dopants in the sample. The solid and dashed
vertical lines mark the ablation thresholds for the corre-
sponding systems (different due to the different heat
capacities and cohesive energies of the two systems).
Reprinted with permission from ref 40. Copyright 2001
American Institute of Physics.

strated that there is no change in the light absorption
process. Thus, these changes in ejection efficiencies,
as compared to the observations at lower fluences,
signify a change in the mechanism.

For the strongly bound dopants, the ejection signal
relative to that of CsHsCHj3; remains nearly constant
with successive laser pulses. Furthermore, the Faser
correspondence of their ejection efficiency closely
corresponds to that of the matrix.*>447 Both features
indicate the unselective ejection of a film thickness
according to

1 Flaser
Iejected = o In( = ) (3
r

where o represents the (effective) absorption coef-
ficient. The dependences of both toluene and dopant
signals are well described by the same threshold
fluence, Fw,. These features establish that ablation
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entails the nearly nonselective expulsion of a volume
of material. Thus, UV ablation is qualitatively a
different phenomenon from thermal desorption (usu-
ally presumed for explosive photodesorption), and it
can be experimentally identified through the ejection
of strongly bound species. In other words, in the
“explosive desorption” regime, two different fluence
ranges can be distinguished where qualitatively dif-
ferent mechanisms operate.

The previous conclusion corresponds well to the
delineation drawn by the MD simulations (for nano-
second pulses) for the operation of different mecha-
nisms above versus below a well-defined, specific
laser fluence (the threshold). Indeed, simulations*°
on the (CH3)20/C6H5CH3 and C10H22/C6H5CH3 Sys-
tems yield results that are in very good correspon-
dence with the experimental observations (Figure
7b). Interestingly, the simulations show that the
strongly bound dopants are ejected exclusively within
clusters of the matrix, whereas the weakly bound
ones are ejected largely in the form of monomers.
Survival of a percentage of the clusters at the
detection volume will affect the ionization processs!
and may account, at least partly, for the fact that
the mass-spectroscopically determined ratio of dopant
and matrix intensities appears to be lower than the
film stoichiometry (Figure 7a). Thus, though still not
fully proven experimentally, the previously defined
criterion for the ejection of dopants that are strongly
bound to the matrix appears to be intimately cor-
related with the criterion advanced by the simula-
tions for the onset of cluster ejection.

The change in the mechanism of material ejection
at a specific fluence suggests the operation of a
process that is competitive with the thermal surface
evaporation and which becomes dominant above the
threshold. The nature of this process is indicated by
the abrupt change in the slope of Figure 6b at a
fluence (~40 mJ/cm?) well below the determined
ablation threshold. At this fluence, the surface film
temperature is estimated to correspond to the melt-
ing point of the matrix.** In support of this cor-
respondence, above this fluence, the mobility of
weakly bound dopants within the CcHsCH3 matrix
is indicated to become quite high (diffusion constant
indicated to be =10712 m?/s). In parallel, as estab-
lished by optical examination, structural changes are
induced to the film (neat C¢HsCHj; films) (Figure
8a).%” Changes in the substrate have been monitored
by the transient transmission and reflection of a
HeNe beam incident on the film. A sharp decrease
in the transmitted signal (Figure 8b) is observed
100—200 ns after the UV laser pulse. By means of
gated imaging techniques, the transmission decrease
is established to be due to light scattering and not
absorption. The time scale of the light scattering is
consistent with that of the formation of bubbles in
liquids overheated above their boiling point (section
I11.A.). For fluences below the threshold, the bubbles
finally collapse, and the morphology of the film is
permanently modified. With increasing laser flu-
ences, the bubbles grow in size and number, as
indicated by the exponentially increasing scattered
light intensity (Figure 8b). At a specific laser fluence,
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Figure 8. (a) Transmission images of HeNe beam on
CsHsCH3 films following irradiation with (left) ~2000
pulses at ~30 mJ/cm? and (right) 50 pulses at ~55 mJ/
cm? (i.e., below the ablation threshold, but at a fluence at
which melting should occur). (b) Time-resolved transmis-
sion at A = 633 nm upon irradiation of condensed
CsHsCH3 films with one UV pulse (1 = 248 nm) at the
indicated fluences. The signal has been normalized to the
transmitted intensity before the UV pulses. Reprinted with
permission from ref 47. Copyright 2002 University of Crete.

their growth becomes high enough to result in
material ejection.

For organic molecules, the optical penetration
depth (l.ps), at least at A < 300—350 nm, is in the
100 nm—10 um range (e.g., for the CsHsCHj; films,
laps & 4 um). The thermal relaxation time, tiermal =
pCplaps?/4D ~ 10 us (where p is the density, C the heat
capacity, and D the thermal conductivity), is much
longer than the typical nanosecond excimer laser
pulses. Thus, energy remains confined (thermal
confinement regime) and can result in melting and,
at higher fluences, in the strong overheating of the
liquid. Liquids heated above the temperature corre-
sponding to the external pressure at their saturation
temperature are thermodynamically metastable (Fig-
ure 9a), since their chemical potential u, is higher
than that of the vapor, ©*° (in the present case,
the external pressure is specified by the recoil
momentum of the evaporating gas). However, the
transformation (boiling) requires bubble formation,
which is limited by the work necessary for the
formation of a new interface within the liquid (i.e.,
the surface tension, ¢).525% According to thermo-
dynamics, the free energy for bubble formation is
given by

AG = N[uy(Py) — u (P)] — (Py — P)Vy + Ao

4”Rg bbl VL
=3 (Psar = PO = -9) + 47RG 0 (4)
\Y%
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Figure 9. (a) Schematic of the temperature dependence
(at constant pressure) of the chemical potential of the
liquid (1) and of the gas phase (2) of a one-component
system. The crossing corresponds to the equilibrium point
(i.e., projection of the binodal for the given pressure). (b)
The binodal and spinodal curves and the region of meta-
stability for toluene. C is the critical point, and T, =593 K
and P, = 41 bar are respectively the temperature and the
pressure of the compound at the critical point. Reprinted
with permission from ref 47. Copyright 2002 University of
Crete.

Pv and P_ are respectively the pressure inside the
bubble and the ambient pressure of the liquid, u is
the chemical potential of the corresponding states,
A is the surface area of the bubble, N is the number
of molecules within the bubble, and v, and v_ are,
respectively, the specific volume of the vapor and of
the liquid. In the first equation, the second term
represents the work directed against the pressure
forces and the third the work for the bubble interface
formation. The second equation derives under the
assumption of constant P and T and relatively low
degree of superheating.5® For bubbles exceeding a
critical value, Ry = 20/(Pv — PL), given by the
requirement of mechanical stability of the bubble, AG
< 0 and subsequent growth is thermodynamically
unavoidable. However, for smaller Rypyppie, the surface
tension term dominates and AG > 0. Consequently,
the number of homogeneously nucleated bubbles
formed via thermal fluctuations is given by

AG(Rppbie)
kgT

NP°™ = N, exp

(5a)

where N, is the number density of the molecules in
the liquid. The corresponding rate J (number per
volume and time) for the spontaneous formation of
bubbles with the critical size R is
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AG(R,)
J= kao exp|— kB—T
3
kN, exp|— 16mo _
3kBTL(77psat - I:)L)
YL
n = exp R_T,_(PL ~ Psar(TL)) (5b)

Here, ki denotes the molecular evaporation rate
(which obtains somewhat different values depending
on the derivation), » relates the pressure within the
critical bubble with the saturation pressure psa(T)
at the corresponding temperature, and v, is the
specific volume of the liquid (assumed to be incom-
pressible). The mean time of formation of a critical
nucleus in a volume V is 7 = (JV) ™! and determines
the lifetime of the metastable state. Both o [ap-
proximated usually by 0 = 0,(1 — T/Tc)*, where T¢ is
the critical temperature of the compound]®?°® and P,,
— P_ factors depend sensitively on temperature.
Thus, bubble growth and the lifetime r depend
critically on the maximum attained film temperature
and its subsequent temporal evolution.

The surface film temperature drops rapidly after
the end of the laser pulse as a result of the evapora-
tive cooling. For small overheating, the work provided
by the evaporating gas (i.e., the first term in eq 4) is
insufficient to compensate for the surface tension
limitation, and thus bubble growth eventually halts.
However, at higher fluences, the surface temperature
reaches high enough values for bubble growth to
become significant. In other words, the higher the
attained temperature, the deeper the excursion of the
liquid into the “metastability region” indicated in
Figure 9b. Due to the sharp decrease of o and the
increase of (Py — PL)? factors with temperature, J
increases sharply (by orders of magnitude) over a
small temperature range, which accounts for the
“threshold-like” behavior of laser ablation. Further-
more, since ¢ and Py are related to the cohesive
energy of the system,*®53 the threshold for material
ejection can be expressed as

I:thr = I—p(Ecr - CTo) (6)

where L, represents the optical penetration depth,
E.r the critical energy density (J/cm?), and CT, (C,
heat capacity; T,, initial temperature) the initial
energy content. The increase of the threshold with
increasing system cohesive energy has been repro-
duced by both MD simulations*® and experimental
study®® (Figure 7). However, these qualitative aspects
aside, the quantitative analysis of the dynamics of
explosive boiling on the nanosecond time scale does
not appear to be well established. For instance, the
degree of overheating necessary for material ejection
is found both experimentally*®447 and by the MD
simulations?®~3° to be lower than that suggested by
conventional thermodynamic considerations.+-51.5859
The latter usually consider that volume ejection
occurs at the spinodal decomposition limit. At this
limit, the stability criteria are violated (e.g., (dP/3V)+t
=0, (aT/9S)p = 0, which is physically unacceptable)
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and the liquid phase becomes unstable, decomposing
spontaneously (i.e., in an activationless process) into
a gaseous and liquid droplet mixture. The fact that
the massive ejection associated with ablation is
observed at much lower temperatures indicates the
process to be under kinetic rather than thermody-
namic constraints. [It is noted that recent density
functional analysis® and biased Monte Carlo simula-
tions®? on superheated liquids have indicated several
shortcomings of the classical nucleation theory. In
fact, even the assumption of a spherical form for the
critical bubbles is indicated to be a simplification (at
least for large overheatings).]

According to the above, there is essentially a
competition between surface and volume vaporiza-
tion, with the latter becoming dominant above a
specific fluence. A similar delineation has also been
considered by Wu et al.®* in the irradiation of frozen
glycerol at 193 nm, largely on the basis of the
observed desorbate translational distributions (sec-
tion 11.C.). High enough temperatures (~550 K),
suggestive of “phase explosion”, are also estimated
in the irradiation of frozen aqueous solutions of
salts.® As will be discussed in the next section,
explosive boiling directly accounts for the indicated
unique features associated with material ejection at
high laser fluences (for nanosecond pulses). Thus, in
addition to the usual criterion of thermal confine-
ment, the criterion of the rate of homogeneous bubble
formation being faster than the rate of evaporative
cooling must be employed to establish whether mate-
rial ejection represents really a volume ejection (abla-
tion) process or simply a surface thermal evaporation
process.

3. Implications for Relevant Applications (MALDI, MAPLE)

There are a number of immediate implications of
the suggested delineation and, in particular, of the
identification of nanosecond-induced laser ablation
with explosive boiling. If the upper layers of the
substrate are superheated, the underlying material
should also melt. This is illustrated for dopants that
are weakly bound to the matrix by the contribution
through diffusion and thermal desorption from the
underlying (nonejected) layers.3¥4! The contribution
of the prolonged (“postablation”) thermal evaporation
to the total ejection signal in UV ablation has often
been noted.11143236 This may result in discrepancies
from the previously suggested ejection of a well-
defined volume of material (e.g., for the previously
noted deviations for the strongly bound dopants).
Furthermore, the consequent segregation effects
within the melt must be carefully considered when
multipulse irradiation protocols are employed, since
they can be severe and can seriously complicate
interpretation of the results.*! These effects on the
structural integrity of films and their implication for
practical applications® have been noted.

The most important result of the studies on simple
systems appears to be the finding that dopants/
analytes that are strongly bound to the substrate/
matrix can be ejected only in the ablative regime.
Therefore, in MALDI and MAPLE techniques, the
observation of the biopolymers in the gas phase only
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at high fluences appears to be due to the existence
of an actual, physically significant threshold. In
contrast, the matrix can be detected at lower fluences,
due to the fact that it can desorb thermally. Accord-
ingly, the desorption/evaporation terms in the
MALDI and MAPLE acronyms are misnomers. In
MALDI studies, there is still controversy about this
issue®% on the basis that the detection limit is
dependent on the employed spectroscopic technique.
We note that this does not affect the validity of the
argument for the presence of a threshold, but it
rather is related to the question of the specification
of its exact value.

Along the same lines, the previous delineation
suggests that terms such as “thermal ablation” may
be misleading.! The term “thermal ablation” is em-
ployed to describe extensive desorption, largely con-
sistent with thermodynamic properties (e.9., AHsupi,
AHyap, etc.), whereas the “nonthermal” term is used
to describe deviations from this behavior. However,
it is clear that the amount of material removed, even
if extensive, does not define a new phenomenon, and
instead the term “ablation” should be reserved for the
unique characteristics/features that are observed
above a specific fluence.

With all caution, it is interesting to note that a
distinction relevant to the thermal surface desorption
versus volume material ejection delineation is often
drawn, even in the case of polymers, between a low
laser fluence range in which mass loss occurs due to
the depletion of light volatile species (photoproducts)
and the fluence range in which actual etching (abla-
tion) is effected.’'! This similarity suggests that
common features become evident for a variety of
molecular systems, thus providing the basis for the
development of more “universal” laser -material-
removal models. On the other hand, as the studies
in section I1.A show, the yield due to direct electronic-
ally mediated processes is quite low, indicating that
such processes (invoked within a so-called “photo-
physical” model of ablation) cannot be relevant for
the extensive material ejection observed at high
fluences.

Another implication concerns the physical signifi-
cance of the activation energies determined from
the semilogarithmic plots of ejection signals versus
1/Fiaser (Figure 6b). It is clear that the value deter-
mined in the ablative regime must be related to
the activation energy of the process (related to the
bubble nucleation energy within the “explosive boil-
ing model”) and cannot be related with the binding
energy of specific molecules. In fact, even the values
determined below the threshold are related to AEges
from superheated liquids and may differ from the
tabulated AHeysp under ambient pressure. This dis-
cussion illustrates plausible pitfalls in the inter-
pretation of Arrhenius-type fittings to the ejection
efficiencies of analytes in UV ablation (a usual
approach in the study of more complex systems). This
aspect has been well emphasized by Zhigilei and
Garrison.?®-30

The explosive boiling model can also explain the
suggestion of the MD simulations for the ejection of
material in the ablative regime mainly in the form
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of clusters. Since the sensible heat (CpAT) that has
been “stored” in the metastable liquid suffices for the
vaporization of only a fraction of the liquid,>”°8 a large
percentage of the material is ejected in the form of
droplets, exactly as observed in the molecular dy-
namics simulations for the longer laser pulses (150
ps). (Thermodynamically, this results from the fact
that explosive boiling occurs under nonconstant P,
and T.%?) As a result of the ejection of material largely
in droplets/clusters, the requisite energy may be quite
lower than AHevap. The explosive boiling model can
also account for the ejection of the weakly bound
dopants mainly as monomers and the ejection of the
strongly bound analytes within clusters of the ma-
trix.*® During homogeneous bubble formation, the
desorption rate of the strongly bound dopants into
the bubbles is very slow, and as a result, these species
are ejected only within the liquid droplets formed
during the process. Explosive boiling of mixtures has
been considered previously.>>%3 A plausible implica-
tion is that the fast “exploitation” of the excess energy
for the vaporization of the volatile component (in the
case MALDI, of the matrix itself) into bubbles may
result in the rapid cooling of the material, thereby
limiting thermal degradation of any labile dopants
and also heat conduction (and consequently thermal
degradation) to the substrate. This possibility is
under examination.

Several implications of the suggested cluster ejec-
tion in relationship with protein stabilization and
ionization processes are discussed in the other ar-
ticles of this issue. The discussion therein further
highlights the importance of considering cluster
ejection in ablation. Herein, we note only that if a
large number of clusters survive at the detection
volume, their presence may seriously affect the
detection efficiency of the cluster-embedded spe-
cies.3*%2 Calibrating the spectroscopic techniques for
their relative sensitivity toward clusters versus mono-
mers is practically impossible, especially since the
distribution of cluster size is not known. Because of
this, quantitative gas-phase measurements may tend
to be “artifactual”, and discrepancies between studies
may appear according to the employed detection
technique.

4. Energy Dissipation Processes

Despite their neglect in the previous discussion, the
nature of the initial electronic excitation and subse-
guent deactivation step(s) is expected to be of direct
relevance to the material ejection process. Though
these processes are usually implicated in the ablation
of photolabile systems (section 111.B.2.), their consid-
eration is nevertheless important, even for photoinert
systems. In fact, it has led to the prediction of the
ablation threshold on a basis quite different from that
assumed in the MD simulations. Fain and Lin®” have
argued that the initial population of highly excited
phonons increases further the rate of the electronic
relaxation, thereby introducing a mechanism of posi-
tive feedback. The rate of energy transfer from the
electronically excited molecules to the phonons of the
molecular crystal increases with decreasing energy
separation (AEgi). Consequently, electronic energy
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decay will accelerate as higher and higher phonons
are populated (Figure 10). When energy flow into the

vy —*
ANNAN
= ;
: '———’V\/\/‘ e
' ——
|
|
|
|
L
J
] bor
1 &,

Figure 10. Representation of the de-excitation processes
according to Fain and Lin. Optical excitation occurs from
the vibronic levels of the ground electronic state, ¢,, to the
excited electronic state, ¢s. Isoenergetic with ¢s is a set of
vibronic levels, ¢, belonging either to another electronic
state or to the ground state, ¢,. A set of excited states, ¢,
interacts with phonons, giving rise to the stimulated
emission of phonons, hwq. Reprinted with permission from
ref 67. Copyright 1989 American Institute of Physics.

phonons exceeds their decay rate, their number
begins to increase exponentially, i.e., an “avalanche”
phenomenon, thus resulting in explosive-like vapor-
ization. It was later argued® that the avalanche
phenomenon may alternatively be due to the interac-
tion of the electronic excited states with localized
vibrational excitons (vibrons), which should decay
much slower than phonons, thereby making “hot
spot” formation more likely.

The model successfully accounts for the observed'®1°
dependence of the threshold on film thickness. Fur-
ther experimental support for the model derives from
the study®® of the dependence of the luminescence
decay of films of Cl, on laser fluence (A = 308 nm).
As the ablation threshold is approached, the decay
is found to exhibit distinctly nonexponential temporal
behavior. The deviation from the exponential decay
is demonstrated to be due to the accelerated internal
conversion of the assessed S; state of Cl,, rather than
to energy transfer or other plausible decay mecha-
nisms. (However, the possibility that the formation
of a metastable liquid may also affect the electronic
energy decay process was not recognized.) Similar
guenching of the luminescence close to the threshold
is also reported for 2,5-dihydroxybenzoic acid and
ferrulic acid.5%7° The plausible importance of exciton
pooling mechanisms for ionization in MALDI has
often been underlined.”®~7® As discussed in section
111.C, similar processes are indicated to be important
in the ablation of liquids and also of polymers.

Quite early, Levine and Vertes’~ 7" argued that the
rates of vibrational energy transfer between analytes
and matrix may be one of the key factors in MALDI.
In the initial studies, the limitation in the rate of
energy transfer was invoked mainly to account for
the stability of the ejected proteins within an es-
sentially simple thermal desorption mechanism (sec-
tion 11.D.2). The importance of the energy-transfer



Laser-Induced Material Ejection from Solids and Liquids

processes has been ramified recently by molecular
dynamics simulation of the vibrational-to-transla-
tional energy-transfer processes in the irradiation of
a solid O, system. For irradiation at low laser
fluences, this rate is rather slow because the crystal
thermally expands and, as a result, the coupling
efficiency of the vibrational-to-phonon modes de-
creases. However, at much higher excitation rates,
the sample melts, and diffusion of the vibrationally
excited species occurs. The interaction of excited
species results in very fast energy transfer to trans-
lational modes. This results in a pressure pulse (the
simulation is performed for 30-ps pulses, closely
corresponding to the stress-confinement regime),
which causes rapid material expansion and eventu-
ally ejection in the form of clusters. The importance
of the interaction of vibrationally excited molecules
for the energy-transfer rates has been demonstrated
experimentally in picosecond studies in liquids.”

In all, despite the limited experimental evidence,
novel aspects of energy decay/dissipation processes
are indicated that are of direct relevance to the
material ejection process. These aspects have not
been considered in the “explosive boiling” model
discussed previously. Yet, the models may not be
contradictory to each other, and it is plausible that
they have just captured different aspects of the
phenomenon. The studies in the present section may
well describe the initial stage of energy dissipation
into vibrational/phonon modes, which is, in any case,
the starting point of the MD simulations based on
the “breathing-sphere” model.?®=30 The good agree-
ment of the MD simulations with experiments is
probably due to the fact that, for nanosecond irradia-
tion, electronic decay is faster than or at most
comparable with the laser pulse width. Thus, mate-
rial ejection is mainly determined by the energy
distribution following electronic state deactivation
(note also that the processes considered in refs 67 and
78 suggest an acceleration of the electronic energy
decay and dissipation). In fact, optical properties of
superheated liquids are indicated to differ greatly
from those at equilibrium conditions (section 111.C),
and the same can be expected for the electronic de-
excitation rates. Thus, even if the explosive boiling
model is in principle correct, the quantitative analysis
of the experiments must eventually take into account
these effects. To this end, it is important in future
studies to examine energy decay processes in parallel
with the formation of the metastable liquid phase.
Substrate-mediated laser superheating of liquids
(section I11.A) can provide a most convenient method
to study photophysical properties under metastable
conditions. Furthermore, more elaborate theoretical
work and simulations including the electronic de-
grees of freedom are evidently required.

The importance of electronic processes may be at
least partly elucidated via the study of the wave-
length dependence of the ejection processes. For the
“phase explosion” mechanism, material ejection should
be wavelength independent, aside from any (effective)
absorption coefficient corrections. Some early studies
on IR ablation have been reported,?® but no system
has been studied systematically enough in both UV
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and IR to enable a meaningful comparison. Similarly,
very little has been reported on the comparison at
different UV wavelengths. A study on the compara-
tive examination of benzyl derivatives at 193 and 248
nm was of a preliminary nature.®” Examination of
wavelength dependence is also important in assess-
ing the relative contribution of photochemical versus
thermal processes to material ejection.t!t

5. Laser Pulse Dependence

The previous results hold for irradiation with UV
nanosecond pulses (typically excimer laser). In the
irradiation with shorter pulses, material ejection is
considered to be in the stress-confined regime and
to be due to the “mechanical” rupture (spallation) of
a surface layer under the action of the tensile
component of the generated stress, as described in
detail in section 111.B and in the contribution by
Paltauf and Dyer in this issue. MD simulations
provide further support for this model.® In compari-
son with thermal evaporation or explosive boiling,
photomechanical ablation requires less energy per
unit volume for material removal, since only the
bonds at the interface between the ejected layer and
the underlying one need to be broken without exten-
sive volatilization. Therefore, ablation can be effected
at lower substrate temperatures and thus lower
incident laser fluences. For this reason, extensive
attention has been given to the exploitation of this
“cold ablation” mechanism. A number of additional
advantages are expected for this mechanism, e.g.,
minimization of the segregation/diffusion effects de-
scribed for nanosecond pulses (section 11.B.3), re-
duced photolysis (due to the lower fluences required),
and reduced recombination product formation (sec-
tion 11.D) in the case of photolabile systems, etc.

In the few reports thus far on the pico- and
femtosecond ablation of molecular solids, the thresh-
old is sometimes,*”8 though not in all cases,88384
found to decrease as compared with nanosecond
irradiation. For laser pulses that are not short
enough (e.g., ~50—100 ps), the invariability of the
threshold® is understood, since the change in the
pulse duration is insufficient to effect a switch from
the thermal to the stres-confinement regime. How-
ever, the invariability for femtosecond pulses ob-
served in few studies remains difficult to account for.
On the other hand, neither the decrease observed in
the other studies can be unequivocally ascribed to the
suggested mechanistic change. In femtosecond ir-
radiation, electronic multiphoton processes can be
expected to become highly likely and may be partly
responsible for the decrease. Indeed, nitrogen films
can be ablated efficiently with picosecond pulses (4
= 263 nm, 7Tpuse = 8 ps, 5 J/cm?)8%% and frozen
acetone and methanol with femtosecond pulses (1 =
790 nm, Tpuse = 130 fs, at 4 x 10 W/cm?),%t athough
these compounds are transparent at the irradiation
wavelengths (however, these studies were performed
at very high irradiances, well above the threshold).
The increasing importance of multiphoton processes
is indicated in the ablation of polymers' 929 as well
as in surface science (desorption induced by multiple
electronic transitions, DIMET).8
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Even in the absence of multiphoton processes,
electronic energy processes, which are neglected in
the thermal versus stress-confinement delineation,
will be of determining importance in the irradiation
with femtosecond pulses. For instance, the rate of
electronic energy decay (usually =10 ps) will deter-
mine the degree of effected stress-confinement. Fur-
thermore, energy de-excitation processes may differ
greatly from the nanosecond case, with significant
implications for the material ejection process. The
importance of electronic processes appears to be also
indicated by the observation of enhanced desorbate
fragmentation in the first few femtosecond stud-
ies.#”8 This result is incompatible with the photo-
mechanical model, since this model suggests material
to eject largely in the form of cold, “large” chunks.
On the basis of the discussion in section 11.D.1, this
should result in reduced fragmentation, at variance
with the experimental results. It is also noted that,
in the case of polymers, a most dinstinct difference
in the photoproducts that remain in the substrate has
been observed®® between nanosecond and femto-
second ablation. It appears that the examination of
the chemical products may be most informative about
the mechanisms in the irradiation with short laser
pulses.

A most interesting indication on the interplay of
the various factors that become important with
decreasing laser pulses has been reported in the case
of copper—phthalocyanine films.®* The ablation thresh-
old is found to decrease with decreasing laser pulse
width (35 mJ/cm? for 170-fs pulses; 80 mJ/cm? for
250-ps pulses; 140mJ/cm? for 100-ns pulses; in all
cases, 4 = 780 nm). Multiphoton processes are
indicated to occur. Interestingly, the etching depth
in the femtosecond and picosecond cases remains
nearly constant with increasing Fiaser above the
threshold, which differs distinctly from the usual
gradual increase observed for the nanosecond case
(e.g., the one in Figure 1 or 6a). The difference
suggests a mechanistic change. A pressure-driven
material ejection is suggested for the femtosecond or
picosecond case.

6. Substrate-Mediated Ejection/Confined Ablation

The previous discussion has focused on processes
induced in the irradiation of the “free” surface of
absorbing films. In several experiments, material
ejection is effected via irradiation through the trans-
parent substrate that supports the condensed film
or, in other cases, via light absorption by the sub-
strate itself. This mode of irradiation presents a
number of experimental advantages, in particular if
ablation of cryogenic films is to be employed for the
production of molecular beams for use in Kinetic
studies or for surface experiments.’®~22 However, it
is now understood that the mechanisms of material
ejection may differ from those described above for the
irradiation of the free surface of the substrates. A
number of different terms, such as confined ablation,
backward irradiation ejection (or even the apparently
contradictory term “transmission irradiation mode”),
and laser-induced forward transfer, have been em-
ployed to describe the laser-induced material ejection
effected in these cases.
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Substrate-mediated laser-induced desorption has
been extensively studied for (sub)monolayers, mainly
with a view toward analytical applications.%°” The
interest derives from the fact that, for small or
weakly bound molecules, laser-induced substrate-
mediated desorption can be effected with minimal
decomposition. Thus, combined with gas-phase diag-
nostic methods, it provides a powerful tool for the
trace analysis of adsorbates on a variety of surfaces.
This process will not be discussed further, since a
general consensus®:% on its purely thermal equilib-
rium mechanism appears to have been reached.
Instead, the discussion will focus on the UV-induced
ejection observed in the irradiation of multilayers.

For transparent multilayer films on an absorbing
substrate, heat conduction from the substrate (in
competition with conduction into the substrate, the
ratio of energy conducted to the film versus the
substrate being +/Di/Ds) can result in the heating of
the overlying layer. Assuming that the interface
temperature rise is instantaneous, the temperature
profile in the film can be approximated by

— 1- R)Flaser 1 ~ ? @)
o N 4Dt
pfcp,f\/sf + pscp,s Ds \/H .

where z represents the distance from the interface,
R the surface reflection, p the density, and C, the
heat capacity, and the subscripts f and s refer to film
and substrate, respectively. Analytical solutions of
the temporal and spatial (depth) temperature evolu-
tion in films of N, and H,O condensed on an absorb-
ing metallic substrate have been presented.0101 |f
the film heat conductivity is high enough, the surface
temperature of the condensed film will rise suf-
ficiently to result in material loss via thermal vapor-
ization. At even higher fluences, the interface tem-
perature increase may result in local melting and
subsequent (heterogeneous) vaporization of the ma-
terial adjacent to the substrate in a process similar
to that considered in section IIl.A. For moderate
energy input, the vapor formation may be insufficient
to overcome the film adhesion and to provide the
necessary kinetic energy for the ejection of the
overlying layer. In this case, only deformation of the
film may occur. However, at higher energy absorption
rates, extensive bubble growth will occur, resulting
in the detachment of the film and the development
of a high pressure, leading to spallation of the whole
matrix.3*3” The importance of the induced pressure
has also been indicated by MD simulations.102103 A
detailed analytical description has been reported©®
but for different type of films.

The previous features have been been recently
visualized by novel ultra-high-speed optical micros-
copy in the irradiation of viscous liquid a-terpineol
doped with highly absorbing BaTiO3s; nanoparticles
(because of the liquid state, the dynamics differs
somewhat from that of solids).1%41% The film thick-
ness is 10—15 um, and absorption is limited to 1 um
at the support—film interface. At low fluences (~20
mJ/cm?), deformation of the film can be detected, but
no material ejection occurs. At somewhat higher
fluences, however, the vigorous bubble formation

AT
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close to the interface results subsequently in material
ejection. Material removal is initiated at ~500 ns,
well after the laser pulse (tpuise &~ 150 ns).2% The delay
is acribed to the slow formation of the bubbles due
to the high viscocity of the medium. Most interest-
ingly, two distinct regimes!®* could be identified in
relation with the dynamics of the plume ejection,
likely due to the different degree of bubble growth
and impulse strength provided for material ejection.
For intermediate laser fluences, the plume collapses
into a jet (“jetting regime”) after 1 us. In contrast, at
higher fluences, a dense plume consisting of vapor
and micrometer-sized particles/droplets is ejected.

The ejection of large, micrometer-sized particles in
the irradiation at high fluences has also been dem-
onstrated3* in the irradiation (A = 10.6 um, 2 J/cm?)
of 2,5-dihydroxybenzoic acid/poly(ethylene glycol)
films on silica substrate by AFM characterization of
the trapped ejected material. The indicated volume
ejection should result in the ejection in the gas phase
of embedded dopants/analytes independently of their
binding energy. Indeed, efficient ejection of bio-
polymerst%-108 via substrate-mediated absorption/
heating has been demonstrated. Advantage is taken
of this irradiation mode for the deposition of polymers
and biomolecules in the so-called laser-induced for-
ward transfer deposition described in the article by
Chrisey et al. in this issue. However, difficulties in
the reproducibility of the signals, at least in the
analytical applications, have been noted. Likely, this
is due to the high sensitivity of the ejection process
to film thickness,'922103 3 dependence that is not so
critical for irradiation of the free surface of the films.

Several other studies have been performed under
confined ablation conditions and will be mentioned
in the appropriate sections. Interest presents the
attempt!© to use surface plasmon resonance spec-
troscopy (i.e., probing the surface plasmon frequen-
cies of the metal substrate on which the films are
condensed) to monitor with nanosecond time resolu-
tion the laser-induced (4 = 248 nm, tpuse = 30 NS,
8—26 mJ/cm?) material ejection process from con-
densed films (2-propanol, acetone, and tetrafluo-
romethane). Differences in the time delay of the
gjection onset from a few monolayers (thickness of
~50 A) were observed according to the nature of the
adsorbates. Unfortunately, the observed differences
are difficult to analyze, because of the combined effect
of substrate heating and absorption by the film.
Despite its indicated potential, the technique has not
been pursued further in the case of frozen films.

Finally, a first intriguing report®” on femtosecond-
induced substrate-mediated material ejection has
been published. Near-infrared (A = 800 nm, 7puise ~
150 fs, I ~ 5 x 10 W/cm?) laser desorption of
multilayer benzene films on Pt results in a hyper-
thermal translational component. Ejection was as-
cribed®” to impulse transferring from the metallic
surface to the topmost desorbate layers via elastic
collisions of the molecules, though a pressure-induced
material ejection process also seems likely. In other
studies,® ejection upon femtosecond laser irradiation
is indicated to be highly forward peaked, much more
so than in the corresponding nanosecond case. This
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high forward peaking has been taken advantage of
for the deposition of submicrometer structures of
biopolymers.®°

In all, for nanosecond pulses and at least for
photoinert systems, through the parallel contribution
of experiments, analytical considerations, and simu-
lations, a unifying understanding of the processes
leading to the laser-induced material ejection seems
to be attained. Certainly, several aspects remain to
be addressed for a fully satisfactory model to be
established. Furthermore, it will be important to
examine how these processes evolve with increasing
molecular size and cohesive energy of the system
from these model solids to more complex ones.
Nevertheless, it is clear that new directions of
fundamental importance, e.g., in thermodynamics,
molecular photophysics, and molecular structural
rearrangements, have opened up. As for the material
ejection induced by ultrafast irradiation, though
detailed molecular dynamics and analytical work has
already been performed, very little can be assumed
at present, as clearly experimental work has been
very limited.

C. Desorbate Translational Distributions

In principle, detailed information on the mecha-
nisms of material ejection would be expected from
the examination of the desorbate translational, an-
gular, and internal energy distributions. Typically,
ionization of the desorbates with an electron beam
or with a second laser pulse is employed to establish
their velocity distribution from the time of their flight
from the substrate to the detection volume. The
corrections necessary for the proper analysis of these
spectra are well described in the literature!! (though
in the case of ablation, arguments for its modification
have appeared'!). Internal energy distributions can
be conveniently probed via state-selective ionization
of the desorbates, usually via resonantly enhanced
multiphoton ionization (REMPI). Determination of
the angular distributions is quite demanding on the
vacuum system design if detection is based on mass
spectrometric techniques, but more straightforward
approaches employing optical imaging have been
developed.'%?

Characterization of the desorbate distributions has
proven to be a most powerful approach in the study
of surface-mediated photodesorption, yielding de-
tailed information about energy distribution/dissipa-
tion in the desorption process.!*' However, in abla-
tion, due to the large amount of ejected material,
numerous collisions occur between the desorbates,
resulting in significant modification of their initial
distributions. Thus, the translational distributions
recorded in laser ablation are expected to represent
a convolution of the initial “impulse” given during
ejection and the subsequent postdesorption dynamics
in the plume. However, at present, the relative
contribution of these processes is not clear, so models
and explanations usually deal with the one or the
other extreme.

Elucidation of the factors affecting translational
distributions is of major importance, because they are
one of the main experimental results available in
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ablation studies. Furthermore, the energy transfer
between the various degrees of freedom that is
effected by the postdesorption collisions may be
crucial for the various features of ablation (e.g., for
the stability of ejected analytes in MALDI, for the
resolution of the mass spectra in laser ablation mass
spectroscopy and MALDI, for the structural quality
of films deposited by MAPLE, etc.). In the case of
realistic substrates, interpretation of the transla-
tional distributions is hampered by the formation of
plasma. In contrast, in the case of van der Waals
films, due to their low cohesive energies (and the
large ionization potential of the molecules), material
ejection can be effected at fluences at which plasma
formation is minimal. Thus, comparison of experi-
mental data and theoretical models is more straight-
forward. [In this section, no distiction is made
between IR- and UV-induced processes, since the
relevant information is very scarce. Yet, this is a most
important question that needs to be addressed in the
future.]

Illustrative examples of the change in the de-
sorbate translational distributions with increasing
laser fluence are provided in the UV irradiation
of condensed NO films!® and of frozen glycerol
films.®* At intermediate laser fluences (i.e., corre-
sponding to thermal desorption), the spectra are
usually well described by Maxwell—Boltzman distri-
bution with a temperature close to the estimated
film temperature. In contrast, at high laser fluences,
the desorbate translational distributions (Figure 4)
can generally be described by “shifted” Boltzman
distributions (though several exceptions are also
noted26,139,158,166):

[v +

~ _ m 3/2 . m
dN(U’T’Ud”ﬁ)_N(—anBT) exp{ DT

v+ (v, - vdnft)zl} % (8)

The drift velocity vqrire can be related to the models
described below. In several cases, the description of
the distributions requires two shifted Maxwellians,?°-22
but the physical significance of the two components
is not clear. The change of the translational distribu-
tions to shifted-Boltzmann distributions is often
ascribed to an adiabatic-like expansion of the mate-
rial due to the high ejected quantity.18-2264112-114
With increasing laser fluence, the average ([Eirans))
and the most probable translational energies
(E trone) shift to higher values (Figures 2 and 11),
consistent with the idea that the higher amount of
gjected material results in a “tighter” adiabatic
expansion. A forward-peaked angular distribution of
the desorbates is often observed, described usually
by a cosP ¢ (with p as high as 25) dependence,!!!
where ¥ is the angle from the perpendicular to the
surface.

State-specific ionization of the desorbates has been
used to probe the internal energy distributions, thus
complementing translational distribution studies. In
the 193-nm ablation of condensed NO films?? (under
“confined ablation” conditions), the average rotational
energy is found to be more than ~10-fold smaller
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Figure 11. (a) Fluence dependence of the fitted center-
of-mass velocities of the TOF spectra of the HOCH,CHOH
(61 amu) and CH,OH (31 amu) peaks detected in the UV
irradiation (4 = 193 nm) of frozen glycerol films (the two
peaks are considered to derive, respectively, from the
parent glycerol and photofragment HOCH,CHOH via
electron impact dissociation in the mass spectrometer
ionizer). The data show an onset of the center-of-mass
velocity at Fiaser = 200 mJ/cm? for both peaks. The center-
of-mass velocity becomes supersonic above 300 mJ/cm?2. (b)
Temperature fitted from TOF spectra as a function of
fluence for the two peaks. Trend lines are added as a visual
aid and have no scientific significance. Reprinted with
permission from ref 64. Copyright 2001 American Institute
of Physics.

than [Eiansdfor both v = 0 and v = 1 (Table 2).
Additionally, the vibrational energy is low, e.g., for
molecules with Egans = 0.6 eV, the v = 1/v = 0
vibrational distribution was 3 + 1%. The observation
of translationally fast but rotovibrationally cold
distributions is strongly indicative of the development
of a supersonic expansion. The cooling effect as a
result of the expansion of the material has also been
demonstrated in the “laser evaporation” of aniline
from a cryogenic CO, matrix on an absorbing sub-
strate!’® (acting as a heat source) as well as in the
CO; laser-induced ejection of benzimidazole dissolved
in a glycerol/water matrix.''® A significant decrease
in the vibrational temperature is demonstrated as a
function of the time delay or position between the
ablating and ionizing laser beams. The degree of
cooling is indicated to depend on the matrix, with
matrix molecules of fewer internal degrees of freedom
providing more effective cooling.*®

Analytical descriptions and computer simulations
of the postdesorption dynamics provide further in-
formation on the extent of the collisional perturba-
tion. Usually, a 1D geometry (planar front of the
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Table 2. Average Values of the Desorbate Translational and Internal Energy Distributions in the 193-nm Laser
Vaporization of NO Multilayer Films (Fiaser & 20—25 mJ/cm?) (Reprinted with permission from ref 22. Copyright

1989 The American Physical Society.)

probe delaya®

(us) (£3us) [E+(eV) [ERE (eV) Trotd (K) [F/F1E @ = 1/ = 00
85 0.71 0.024 + 0.006 220 + 20 11408

100 0.56 0.017 + 0.004 180 + 20 0.70 £ %4

100 (v = 1) 0.56 130 + 30 0.03 £ 0.01

135 0.31 0.009 + 0.002 108 + 15 0.50 + %3

160 0.22 0.011 £ 0.003 120 £ 15 0.20 + 02

210 0.14 0.014 + 0.003 160 + 20 0.35 + 02

@ The energy distributions are determined via state-selective multiphoton ionization of the NO desorbates. The probe delay
represents the delay between the desorption/ablating and the ionizing laser pulses. ° All results are for v = 0 except where noted.
Reported errors represent 2o. ¢ Average rotational energy calculated from analyzed rotational populations. ¢ Rotational best-fit
temperature for low J. ¢ Average spin—orbit ratios (I1z/I112) for Eine < 600 cm™?

ejected material) is assumed, since the laser spot
width on the substrate is large compared with all
other relevant lengths of the flow. The approximation
loses validity with increasing distance from the
surface and increasing dimensions of the plume.

Analytical models rely on the concept of the Knud-
sen layer.1?07128 For moderate densities of desorbed
particles (e.g., 0.5 monolayer in a 10-ns desorption
period), a Knudsen layer is assumed to form close to
the target surface, in which the velocity distribution
evolves from “half-range” Maxwellian (all desorbing
particles streaming away from the surface, i.e., vx >
0) to a “full-range” distribution (i.e., — 0 < vy < )
in a center-of-mass coordinate system. The width of
the Knudsen layer is indicated to be ~15—20 free
mean paths.’?? Based on mass, momentum, and
energy conservation across the layer, the following
conditions are derived between parameters at the
boundary of the Knudsen layer (denoted by the
subscript KL) and those at the film surface (denoted
by the subscript s):

T ’\/14-:'[ ) —Jrl==2 +12 (9a)
Pre_ [ TsJ( 2 1
o, Top (a + 5 e* erfc(a) [
% Ve erfe(a)] (9b)

PxL _ Pre Tk
Ps PsTs

where o = (y/2)?M [M is the Mach number, M =
ukl/(yRTk)¥?], erfc is the complementary error func-
tion [erfc(a) = (2/«/5)]2’ e s ds], T denotes tempera-
ture, P pressure, and p number density, and y =
CplCy = (j + 5)/(j + 3), where j is the number of
accessible internal degrees of freedom. M is some-
times considered to be a variable (<1 for one-
dimensional flow) but to a good approximation can
be set equal to 1, so that the flow velocity equals the
sound speed o: ukL = a = 4/ykgT. /m (m is particle
mass). In this case, the relation kgTs = Eg5./2 is
replaced by ke Ts = Eqr/nx, With nx = (y/8)[1 + (1 +

t
16/y)Y?]? (ranging frorﬁrmZs 52 for a monatomic particle

(9¢)

to 3.28 for a polyatomic molecule). Thus, even for few
gas-phase collisions (as low as three per particle), a
significant percentage of the initial thermal energy
may be transformed into forward-directed Kinetic
energy, and the temperature of the vapor will be
indicated to be quite lower than the initial temper-
ature in the film. In parallel, the collisions are
predicted to result in partial sharpening of the
angular distribution to cos* ¥,*?! and in the partial
backscattering of desorbed particles (~18% for mon-
atomic gases up to ~25% for polyatomic gases).

At even higher quantities of ejected material, the
Knudsen layer is assumed to be followed by an
unsteady adiabatic expansion. Plume dynamics is
described by the conservation equations for mass
(continuity equation), momentum (Euler equation),
and energy:

g’t’ + V(prV) = (10a)

v 1
TV =0 (10b)
3E =+ (VVE+C (v V) = (100)

where p represents density, V the velocity vector, P
pressure, and E the energy). @ is the external heat
input into the gas and is assumed to be zero in the
adiabatic approximation. The expansion results in
the further decrease of the vapor temperature and
the parallel increase of the Mach number (M).
Kelly'?! assumes an analogy to a firing gun (i.e., the
material is held initially within a reservoir of a
specific depth and then at t = 0, the gate at x =0 is
removed and the material expands adiabatically) in
order to derive

Uy = Moy, = M(ykg T /m)*2;

TM TKL

y+1 2
2+ (y— l)M] (11)

for the resulting flow velocity and the temperature.
In parallel, the angular distribution narrows even
further, to cosP ¥, where p = (1 + M)? (for j = 0).
Detailed mathematical treatment of gas expansion
within the Knudsen layer model has been pre-
sented.120-128



366 Chemical Reviews, 2003, Vol. 103, No. 2

Georgiou and Koubenakis

Table 3. Results of the Monte Carlo Simulation on the Distributions of Rapidly Desorbed Particles from a
Surface? (Reprinted with permission from ref 132. Copyright 1991 The American Physical Society.)

system ® (ML) z Neorr [Bos 60 Ty (K) T, (K) varire (10% cm/s) Tint (K) 1K
Xe 0.1 0 2.18 0.7355 283+ 1 946 + 66 1.47 +0.10 2.53
1.0 0 12.17 0.8927 53+1 1273 + 44 1.57 + 0.06 2.53
NO 0.1 2 186 07158 337 +3 997 + 46 3.00 + 0.07 426 +3  2.80
1.0 2 184 0.8560 113+1 2063 + 149 2.27 +£0.29 153+1 280
valine 0.1 3 250 0.7319 322+3 1171 +108 1.45+0.16 414+3 288
1.0 3 1653 08634 120+3 2291+ 168 1.34 +0.20 168+3 2.88
valine 0.1 13 254 0.7002 253+3 1237 +£105 1.47 +£0.16 468 +2  3.12
1.0 13 1847 0.8393 151+2 3186 + 265 1.54 +0.28 326 +1 3.12
(NO, He) 0.1 8.41 0.8669 119 + 3 1022 + 88 5.81 +0.22 87 +2
0.9 10.63  0.8428
(NO, Ar) 0.1 9.13 0.8762 69 + 2 1512 + 107 2.51 +0.26 95+ 2
0.9 9.34  0.8452
(NO, Xe) 0.1 10.00 0.8551 87+7 1449 + 210 2.23+0.61 121 +4
0.9 10.28  0.8453
(valine, He) 0.1 14.95 0.9026 138 + 6 954 + 79 4.01 +£0.10 46 +£ 3
0.9 16.87  0.8645
(valine, He) 0.1 1557 0.8733 181 +7 1200 + 101 3.89 +£0.14 114 +£3
0.9 18.80  0.8390
initial distribution 0.6667

@ @, number of monolayers assumed to desorb. In the case of the neat films (upper section of the table), the numbers represent
the total amount desorbed. In the case of mixtures (lower section of the table), the total desorbing amount is, in all cases, one
monolayer and the values 0.1 and 0.9 represent the surface coverage by the molecules only. Z, number of internal degrees of
freedom assumed to participate in collisions. 0, average number of collisions experienced by a molecule. [dos O[] average angular
distribution of the desorbates. Tyy, T, Tint, @and varirr, parameters obtained by fitting the simulated velocity distributions of the
desorbed particles to elliptical translational distributions. 7k, the values that are obtained by fitting the simulation results to the

equation E{r - = nkkeTs based on Knudsen layer formation. ® Simulations performed with Z = 13.

Computer simulations have been employed in
parallel to examine the validity of the analytical
solutions. Sibold and Urbassek have employed the
Monte Carlo method to simulate the one-dimensional
(1D)*?? and the three-dimensional (3D)'?® single-
component pulsed-gas expansion of atoms in the
vacuum under the assumption of constant flux. The
3D problem is shown to be uniquely specified by the
number of ejected monolayers per square meter per
second (®) and by the aspect ratio of the desorbed
plume (b = ro/vTpuse, Where 1, is the laser spot width).
As either © or b increases, the average number of
collisions experienced per particle (Ngy) increases,
with a significant increase of the translational energy
along the axis of desorption. In a different approach
by NoorBatcha et al.,’3%7132 particles are considered
to desorb according to a time-dependent flux, ¢(t) O
exp(—t/ts). It is shown that the number of collisions
increases sharply when 7 < 1078 s (Table 3). Accord-
ing to both models, the distributions are best de-
scribed by two temperatures, T, (temperature along
the axis perpendicular to the surface) and Ty, (tem-
perature along the radial axes), resulting in the so-
called “elliptical distributions”, though the physical

significance of these parameters has been questioned:
120,121,127,138

m [(U C0S 6 — Vyyir)”
2kg| T

I(v,0) O v® exp|—
z
v® sin® 0

Ty

(12)

Both vgrist and T, are predicted to increase, while
Ty decreases with increasing N¢. Due to the kine-
matics of the collisions, fast molecules focus in the
center of the jet, whereas slow ones focus at large

angles. For given ©, [Eyans[and Neoi increase and the
angular distribution broadens with the number of
internal modes because of the higher internal energy
that can be “dumped” into the translational motions
(Table 3). These simulations are in qualitative agree-
ment with the predictions of the Knudsen layer
model, i.e., that the translational distributions of the
desorbates for different systems but with the same
number of internal degrees of freedom can be well
described by a single parameter (nx in the Knudsen
model). However, with increasing desorbing amount,
deviations are observed between the Knudsen model
and the simulations, indicating that the description
of the transaltional distributions must incorporate
the influence of the surface coverage.

The previous theoretical studies appear to pro-
vide a quantitative understanding of the experi-
mental results mentioned at the beginning of this
section. The changes in the translational distribu-
tions with increasing laser fluence are often consid-
ered'864112113134 1o jllustrate the evolution from
vaporization to Knudsen layer formation and finally
to the unsteady adiabatic expansion. For instance,
in the 193 nm irradiation of frozen glycerol films
(Figure 11), the nonzero wgrie Value observed at
fluences above ~200 mJ/cm? is ascribed to the
enhanced contribution of collisions, and the super-
sonic center-of-mass velocities observed at even higher
fluences (300 mJ/cm?) are ascribed to adiabatic ex-
pansion (however, note the very high parallel in-
crease of the time-of-flight T, between 200 and 300
mJ/cm? in Figure 11b). A number of experimental
studies rely on the Knudsen layer concept to estimate
surface temperatures, consistent with estimated
absorbed laser density. Furthermore, the indicated
very efficient energy “removal” from the internal
degrees of freedom may result in the stabilization of
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the ejected thermally labile molecules. In fact, this
is the basic idea of the “cooling plume model” for
rationalizing the reduced thermal degradation of
biopolymers in MALDI. A hydrodynamic analysis
was employed’®136.137 to examine this point for typical
MALDI conditions (in combination with the bottle-
neck model advanced by the same team). The “cooling
plume model” has been invoked in a number of cases,
as will be discussed in detail below.

Yet, despite the evidence from the previous studies,
it is not clear how far the analogy to the adiabatic
expansion can be extended. In the previous theoreti-
cal studies, the desorbates are assumed to originate
from the surface with a thermal Maxwellian velocity
distribution. However, as shown in section I1.A, the
nature of the ejection process in ablation is indicated
to be much more complex (prolonged ejection of
material in the form of clusters and monomers from
a superheated liquid). Chen et al.**?71%5 have noted
that the prolonged vaporization of material provides
a source of mass and energy inflow to the plume,
which makes the unsteady expansion nonadiabatic.
This contribution was modeled by adding an ap-
propriate mass and energy source in the hydrody-
namic equations (egs 10a and 10c¢). It is shown that
the consequent increase of entropy results in trans-
lational energies 2—3 times higher than those ex-
pected from the previous models. Furthermore, the
acceleration by this “dynamic” source in a direction
perpendicular to the surface may result in the more
forward-peaked expansion of the plume. In some
analogy to the previous suggestion, the simulations
by the Garrison®%13 and Vertes* groups indicate that
the velocity of the ejecta correlates with their initial
depth within the film. Surface molecules are ejected
with higher velocities due to the “push” they get from
the molecules below. The axial velocity distribution
is shown3%138 to be well described by a modified
Maxwell—Boltzmann (MB) distribution with a range
of stream velocities, whereas a simple MB distribu-
tion with the same temperature can well describe the
radial distribution. An important point of this sug-
gestion is that, in contrast to other models, a single
temperature can consistently describe the differences
between the axial and radial translational distribu-
tions without resorting to the adoption of “elliptical”
parameters.

The difficulties in accounting consistently for all
features of the experimental translational distribu-
tions have been detailed in a number of studies. It
should be cautioned, however, that a number of
“trivial” factors may affect the experimental trans-
lational distributions and may account for some of
the observed discrepancies from theoretical models.
A nonhomogeneous laser profile or even the use of a
Gaussian beam, ill-defined amorphous structure of
the deposited films, etc. will result in desorbates with
a convolution of different translational and angular
distributions. Furthermore, a sensitive dependence
of the translational distributions on number of pulses,
angle of laser incidence, etc. has been noted.?® In
particular, there has been an inexcusable lack of
attention to the mode of irradiation (i.e., confined
ablation or ejection effected by a combination of direct
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adsorbate absorption and surface-mediated heating
employed in several experiments), though it is clear
that this parameter may critically affect the desor-
bate observables. However, the major limitation in
the evaluation of the theoretical models derives from
the fact that a complete set of translational, angular,
and internal energy distributions as a function of
number of ejected particles is needed. Aside from the
evident immense undertaking that such measure-
ments represent, the usual direct way to vary ex-
perimentally the number of ejected particles is through
a change of the laser fluence. However, a change in
the fluence affects both the quantity of ejected
material and the initial temperature, thereby com-
plicating the comparison of experimental results with
theoretical models.

In the UV irradiation of indole films!®® (1 = 266
nm, 7puse = 10 Ns) under conditions resulting in the
ejection of 2.0 monolayers per shot, the neutral
molecule is characterized by a high translational
temperature (3400 K), while the vibrational temper-
ature is only 210 K, and the angular distribution is
forward-peaked, with the major component being
proportional to cos” 6. These features would appear
to suggest an adiabatic-like expansion. However, the
vibrational temperature is similar for different ve-
locities. Furthermore, both “cold” and “hot” molecules
are found to be described by the same angular
distribution. These features are inconsistent with a
“jet-like” expansion, since molecules in the densest
region of a jet are expected to experience more
collisions than the average and thus should be cooled
to lower vibrational temperatures. The number of
collisions is estimated to be only 2—7, and collisional
perturbation is indicated to account only for 10% of
the vibrational cooling. These discrepancies were
suggested to be due to the non-Boltzmann nature of
the initial desorbate translational distribution. Simi-
larly, in various studies,?14 the estimated Mach
number is much lower (~2) than that expected for
adiabatic expansion (=5). It has been suggested3®
that the discrepancy can be ascribed to the fact that
ejection lasts for microseconds, and thus it should be
considered to be of the “steady” expansion type, i.e.,
Tm = Te(y + 1)/[2 + (y — 1)M?] instead® of eq 11.
Similar difficulties are recognized in accounting for
the angular distributions,**® which are often bimodal,
at variance with the predicted simple cosP ¥ depen-
dence. The bimodality has been ascribed to the
contribution of different desorbate populations (e.g.,
“ablative” versus “postablative” ejection)4? and/or to
the reduced number of collisions (thus less forward-
peaked expansion) of the particles ejected from the
periphery of the irradiated spot.*?’

In the IR ablation of neat CsHg films (on nonab-
sorbing substrates), Braun and Hess?® have found
that the desorbate’s most probable translational

energy, Eqr ., does not increase monotonically with
laser fluence, but most interestingly it shows a “phase
transition”-like dependence (Figure 12). The charac-
teristic “plateau” of the diagram appears at fluences
suggestive of film temperatures close to the melting
point of the compound. In view of the similarity of

the Eirans VS Fiaser diagram to a P, T thermodynamic
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Figure 12. Most probable translational energy as a
function of the incident laser fluence in the IR laser
(A = 1033.48 cm™) ablation of 2-um-thick benzene
films condensed on a NaCl window. The dashed straight
lines indicate the separation of the measured data into
three regions with different slopes. Reprinted with permis-
sion from ref 25. Copyright 1993 American Institute of
Physics.

diagram (but not necessarily a valid correspondence),
ablation, at least in IR, was claimed to be photother-
mal in nature. Evidently, the implicit assumption is
that the most probable desorbate velocities are
mainly determined by the film temperature changes.
However, the fitting of the time-of-flight spectra
requires nonzero and rather large vqrire Values, which
would appear to indicate substantial gas-phase col-
lisions. It should also be noted that the exact depen-
dence of Figure 12 has not thus far been reported
for any other system.

In an approach similar to that described above, in
the 248-nm irradiation of neat CgHsCHs3,*147 CH3l, 190
and CgHsCl films, 38141 at low fluences, the most
probable velocity (vnmp) of the desorbates shows a very
weak dependence on Fiaser, but above the threshold,
the slope changes abruptly (Figure 13a). It is clear
that vmp does not scale smoothly as a function of the
desorbing signal (Figure 13b), and thus the abrupt
change cannot be ascribed exclusively to enhanced
collisional effects in the plume. Similarly, the parallel
high increase of both center-of-mass vgrirr and T in
Figure 11 does not appear to be fully compatible with
gas-phase collisional models. In view of these results,
the change from MB distributions to shifted MB
distributions that is observed!®% as the ablative
regime is approached indicates an extra “component”
of the desorbate velocities, besides the collisional
perturbation. The extra component may be related
to the “explosive boiling” process or the dynamic
“impulse” effect.143

In all, even for simple one-component systems, the
experimental desorbate distributions do not appear
to be fully accounted for by existing models. The
interplay of a number of plausible factors has already
been underlined. Furthermore, if we accept the tenet
that ejection occurs largely in the form of clusters,
which subsequently disintegrate, then the accurate
theoretical description of the desorbate distributions
will depend critically on the elucidation of the factors
that affect cluster evolution in the plume. It is
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Figure 13. (a) Fiaser dependence of the most probable
translational energies, Etans, Of the neutral parent mol-
ecules detected in the irradiation of thick C¢HsCH3 films
at 248 nm (tpuise & 30 ns). (b) The same data as a function
of the desorbing material. Reprinted with permission from
ref 47. Copyright 2002 University of Crete.

interesting to note that, in the laser-induced ejection
from HBr multilayers,?” distinctly different angular
distributions have been observed for the different
cluster sizes. Though the exact regime of irradiation
in this study is unclear, their result, nevertheless,
underlines the complexity of the cluster ejection
process and of their subsequent dynamics in the
plume. Thus far, very little theoretical attention has
been paid to the cluster ejection/translational distri-
butions correlation.

For bicomponent systems, additional features re-
lating to the characteristics of the two components
(masses, collisional cross sections, relative concentra-
tions, etc.) become crucial. Once more, the various
models suggest different degrees of desorbate distri-
bution pertubations. For Knudsen layer formation,
the sputtered material tends to move together (i.e.,
in a single gas cloud), independently of the mass (i.e.,
different species develop a similar flow velocity),'?°
in close analogy to the case of supersonic beams. The
light component is characterized by a low TOF
temperature and the heavy one by a high one.'® In
Monte Carlo simulations, the influences of the rela-
tive concentration, the number of internal degrees
(Table 3),'%2 and the different masses'® or desorption
energies'®® of the two ejected compounds have been
studied for thermal desorption from binary mixtures.
Because of the difference in the initial velocity of the
two components, segregation effects in the ejected
plume are demonstrated, with its front (outer) part
being composed preferentially of the “lighter” spe-
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cies.'® As a result of the collisional energy transfer,
the average translational energy of the light species
becomes lower than that of the heavy species (Figure
14). Furthermore, depending on the degree of inter-
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Figure 14. Mean energy E# of particles arriving at an
angle ¢ with respect to the surface normal as calculated
by Monte Carlo simulation in the thermal desorption of a
system composed of two particles with a 1:5 mass ratio.
Solid line, heavy particles; dashed line, light particles;
dotted line, mean energy for the collision-free flow, E¥ =
E, as a reference. Reprinted with permission from ref 133.
Copyright 1993 The American Physical Society.

mixing of the two components in the plume, the
translational distributions may be a convolution of
populations that have suffered different degrees of
collisional perturbations and, as a result, become
bimodal. On the other hand, in the molecular dy-
namics simulations, the translational distributions
of the analytes have been correlated with their initial
position in the film.3%45138 “Heavy” analytes are
shown?045.138 to be ejected with a translational dis-
tribution nearly identical with that of the matrix
(major component of the mixture). Time-of-flight
spectra of the analytes are suggested to be sharpest
at the threshold, deteriorating at high fluences. The
deterioration with increasing fluence is ascribed to
the release of the analytes from a higher film thick-
ness, resulting in a higher variation of the velocity
distribution, and to the higher attained surface
temperatures. A more detailed discussion is pre-
sented by Zhigilei et al. in the preceding article in
this issue.

Experimentally, differences between the two com-
ponents ejected in the irradiation of mixtures may
be due to the nonuniform mixing/segregation effects
in the film.1*2 However, differences are also docu-
mented in cases where there is no evidence for
segregation. In the 248-nm irradiation of CsHsCHa/
CnHzn mixtures below the threshold,*” the Eh, of
the dopants weakly bound to the matrix (e.g., (CH3).0O
and CsHg) are lower than that of CsHsCHs, despite
the fact that at these fluences desorption is thermal
(section 11.B), and both the dopant and the matrix

should desorb with equal Ey% .. Clearly, there is
collisional energy transfer in the plume from the
“light” dopant to the matrix molecules, which are

thus accelerated to velocities higher than those
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attained in the irradiation of the neat C¢HsCHj3 film.
This result appears to be in qualitative correspon-
dence to the Monte Carlo simulations,3 but quan-
titative comparison requires further examination.
Different translational features are observed in the
ablative regime.'*! As clearly indicated by Figure 15,
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Time of flight (sec)

Figure 15. Time-of-flight curves recorded in the ablation
of C1oH2/CsHsCH3 and (CH3),0/CsHsCH3 (in both cases,
1:5 molar ratio) solids (4 = 248 nm, tpuse ~ 30 ns, in each
case, at a fluence ~1.5 above the corresponding threshold).
Reprinted with permission from ref 47. Copyright 2002
University of Crete.

well-defined differences are observed between the
strongly and the weakly bound dopants in terms of
their translational distributions.®*#” The indicated
features are observed for all fluences above the
ablation threshold. Similar differences are also ob-
served between amino acids and phenol desorbates
in the CO; laser-induced ejection from their frozen
solution within an ethanol/glycerol matrix.'®> The
rather broad distributions of the weakly bound
dopants ((CHj;).0, phenol) may be ascribed to colli-
sional effects in the plume. Alternatively, the distri-
bution broadness may reflect the extensive contri-
bution of “postablation” thermal desorption that
occurs for these compounds (section 11.B.3). On the
other hand, for the strongly bound dopants (decane,
amino acids), which are supposed to be ejected within
clusters of the matrix molecules, the time-of-flight
spectra are nearly superimposable with those of the
matrix.3° This closely corresponds to the findings in
MALDI that proteins are ejected with the same
velocity as the matrix independently of their
masses,'#’~152 and to the prediction of the molecular
dynamics simulations.30:45138

In the very few reported examples, the angular
distributions of the “heavy” analytes are indicated to
be even more forward-peaked than those of the
matrix molecules. Puretzky et al.’®® managed to
monitor the time evolution of the angular distribu-
tions of DNA and of the matrix in UV MALDI (4 =
248 nm, Flaser = 50 mJ/cm?) via laser-induced fluo-
rescence imaging of the plume. To this end, DNA was
tagged with a fluorophore. A sharpening of the angu-
lar distribution of DNA as compared with that of the
matrix has been observed. It has been well accounted
for by a hydrodynamic description of the flow.

The same mechanisms as those described above
have also been invoked to account for the transla-
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tional distributions of the products ejected in the
ablation of photoreactive compounds. For instance,
for products that are strongly bound to the matrix,
the translational distributions in the ablative regime
are®:39141 nearly identical with those of the parent
molecule, exactly as observed for strongly bound
dopants discussed above. On the other hand, the
velocities of the “light” fragments or photoprod-
ucts®864141 have been usually correlated with the
picture indicated by 3D Monte Carlo simulations.33
It is understandable that, due to the massive mate-
rial ejection, photoproduct translational distributions
in ablation are mainly determined by the plume
dynamics, and there is minimal influence of the
initial fragmentation or reactivity process (in contrast
to electronically mediated photodesorption processes).
Yet, in a few cases, photofragments may be observed
with very high velocities and translational distribu-
tions deviating considerably from the previous mod-
els. It is likely that these are formed by photofrag-
mentation in the gas phase (plume),3864176 resulting
in additional energy deposition on the fragment. The
effect of chemical reactions (atom recombination and
molecule dissociation) that may occur in the plume
on the desorbate distributions has also been exam-
ined by Monte Carlo simulations. It is shown that
chemical reactions in the plume result in significant
spread of the angular and translational distribu-
tions.1%

Summarizing previous studies, it is clear that some
general trends have by now been established for a
number of simple molecular solids/films. The trends
appear to be extrapolable to more complex systems,
at least MALDI. However, the interpretation of the
observed trends and features in terms of gas phase
(i.e., plume) and primary processes (i.e., film) of the
ejection remains to be fully elucidated. It is noted that
even the description of distributions for desorption
from a metastable liquid (i.e., below the threshold)
calls for additional theoretical work. This is an aspect
that has been largely overlooked in the literature.
Studies on solids of very simple (monatomic and
diatomic) molecules may be most useful and provide
the most stringent test of the various models, since,
understandably, their extension to polyatomic mol-
ecules presents a number of additional complexities.

It has been usual in studies on complex systems
such as polymers to base rather detailed and strong
mechanistic statements (e.g., temperatures attained
in the film, thermal versus nonthermal nature of
gjection, etc.) on translational distribution fittings.
However, in view of the interpretational uncertain-
ties discussed above and of the sensitive dependence
of the translational distributions on a number of
experimental parameters, caution should be exerted
in trying to extract mechanistic conclusions from such
fittings. Additionally, the interpretation of the trans-
lational distributions in the irradiation of these
systems is further complicated by the formation of a
plasma, extensive secondary fragmentation and re-
activity in the plume, etc.

D. Chemical Processes and Effects

The issue of chemical processes and effects in the
ablation of molecular substrates is closely related to
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the question of the mechanism(s) of the phenomenon
(sections I1.LA and 11.B), since photochemical pro-
cesses have been suggested®':1% to contribute to, or
even dominate, material ejection in the irradiation
of photolabile systems. In fact, the issue of photo-
chemical versus thermal mechanisms has been the
most hotly debated topic in the field of ablation of
molecular substrates. However, even in the case of a
thermal mechanism (e.g., explosive boiling), the
energy released by the induced exothermic reactions
can be substantial, thus affecting quantitatively the
features of the material ejection process’™ (e.g.,
threshold, ejection efficiencies, etc.).

Studies dedicated to addressing the issue of pho-
tochemical-induced material ejection have been de-
tailed in the case of liquids (section 111.B.2). In this
section, we take a more general view of the chemical
processes in the UV ablation of molecular substrates.
Specifically, independently of the specific mecha-
nisms responsible for material ejection, how can
chemical processes in UV ablation be described?
Conventional photochemistry considers bond break-
ing and formation in a well-defined environment
under well-defined conditions. In contrast, in UV
ablation, a large number of electronically excited
molecules are formed, high temperatures are at-
tained, high-amplitude stress waves are induced,
and, as described above, the “physical” condition of
the substrate is rather unusual—all these within a
time-varying framework. Therefore, the real chal-
lenge raised in UV ablation of molecular substrates
is the development of appropriate models with pre-
dictive power to describe chemical processes under
the above conditions.

The issue of the nature and the extent of chemical
modifications is also crucial for the optimization of
the various applications of UV ablation. The pro-
cessed molecular substrates (polymers, tissues, etc.)
generally include a wide variety of chromophores,
which upon photoexcitation may dissociate into highly
reactive fragments. Additional species may be formed
by the thermal or stress-induced breakage of weak
bonds. In material-processing schemes, it is impor-
tant to minimize accumulation of these species in the
substrate, since they may form in the short- or long-
term byproducts (e.g., oxidation products) with det-
rimental effects on the integrity of the substrate. In
analytical diagnostics of laser-ejected material, it is
important that fragmentation does not compromise
parent molecule signal intensity. On the other hand,
control of the fragmentation may be useful for the
group analysis/characterization of the compounds.

In the following sections, we consider first the
qualitative (product patterns) and quantitative as-
pects (extent of photolysis and product yields) in the
irradiation of photolabile/photodissociable systems,
whereas section 11.D.2 considers the issue of thermal
degradation in the ablation of molecular solids. As
clearly indicated by the previous discussion, this
division is somewhat formalistic (since a high degree
of coupling between the thermal and (photo)chemical
processes is expected), and the reason for adapting
it is for simplicity of presentation.
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1. Photochemical Processes and Effects

The studies on van der Waals films have indicated
a number of unexpected features about chemical
processes and effects in the irradiation of molecular
solids with high-intensity laser fields. A most inter-
esting result in the study by Domen and Chuang!3-16
was the observation of intense parent peak in the
“explosive desorption” from CH:l; films (A = 308 nm)
(Figure 2). In the ablation of CI; films at 355 and 193
nm, the CI signal comprises less than 7—10% of the
total desorption signal® (Table 4). These findings are

Table 4. Relative Yields of Species Detected in the
Ablation of Photolabile Systems? (Reprinted with

permission from ref 161. Copyright 1996 American
Chemical Society.)

parent molecule species neutral ratio®®

Cl, (A =355 nm) Cl 1

Cl 0.10 + 0.03
ICI (1 = 532 and 266 nm) ICI 1

| <0.18

Cl <0.84

I, 0.19

Cl, 0.60
XeF; (A =266 nm) XeF, 1

XeF 0

Xe 9.11

F 431

F2 1.154

aThe study corresponds to “confined ablation”. ® The re-
ported ratios have been corrected for the relative detection
efficiencies of the various species/fragments in the mass
spectrometer. ¢ Parent peak normalized to 1.

most surprising given that, upon excitation at the
corresponding wavelengths, the studied molecules
dissociate in the gas phase with near-unity quantum
yield. No evidence for fragmentation has been ob-
tained in the irradiation of NO; films®8 (1 = 248 nm
under a “confined ablation” scheme) and of H,O films
(A = 193 nm).17® These results bear directly on the
feature of ablation of molecular substrates that has
been crucial for its use for analytical purposes, e.g.,
in MALDI. Stability of dopants (e.g., no decomposi-
tion or reaction with the surrounding polymer) is also
observed in the UV ablation of doped polymers, at
least for photoinert dopants (e.g., naphthalene,
phenanthrene, etc.).?®®

It can be suggested that the observed parent peak
represents molecules that are ejected without having
absorbed a photon themselves. Since photodissocia-
tion occurs only for molecules that have absorbed a
photon, whereas even molecules that do not them-
selves absorb are ejected, an “apparent” fragmenta-
tion yield is expected, given by

Nfragment _ qFIaser(l — exp( _alejected)) (13)
Nparent thIejectedNa/MW

where o is the absorption coefficient, Fiaser is the
incident fluence, p, N, and MW are the density, the
Avogadro number, and the molecular weight, respec-
tively, and lgjectea is the ejected layer thickness. For
typical values as for the systems studied above, this
ratio ranges from 1072 to 10~%, thus accounting at
least semiquantitatively for the reduced apparent
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fragmentation vyield. [In some of the previous
studies,?01%8-161 the employed mode of irradiation
corresponds to “confined ablation”. As discussed in
section 11.B.2, in confined ablation, material may
largely be ejected intact. So, in these experiments,
the apparent degree of desorbate photofragmentation
may be greatly reduced from that in the irradiation
of the free surface of the substrates.] Another impor-
tant implication becomes apparent by comparison
with eq 3. It is clear that leectea iS energy-density
dependent, whereas the photodissociation/product
number is photon flux dependent. Thus, differences
in the apparent fragmentation yield with irradiation
wavelength alone do not constitute sufficient evidence
for a change in mechanism, as sometimes argued in
polymer studies. Furthermore, assuming all factors
being the same, the apparent percentage of photolysis
of a photolabile chromophore can be reduced by
mixing it with another strongly absorbing (photoin-
ert) chromophore. This is, of course, one of the evident
factors underlying the success of MALDI. On the
other hand, concerning the extent of photofragmen-
tation in the remaining substrate, eq 3 suggests it
to be constant with laser fluence (since the nonejected
layers are subject to the same Fy.,). However, as
discussed below, both eq 13 and the previous impli-
cation neglect the possibility of “postablation desorp-
tion” of fragments and/or photoproducts that are
formed below the etched depth (section 11.B.3).

Though eq 13 provides a basis for understanding
the extent of desorbate photolysis in UV ablation, it
does not appear sufficient to account for all observa-
tions concerning chemical effects. Important experi-
mental information in this direction was provided by
the examination of the product patterns in the
ablation of neat films of ICI and XeF,.16%161 Upon
electronic excitation to a dissociative state, efficient
formation of Cl, and I, (as well as Cl and | fragments)
is observed in the ablation of ICI films (1 = 532 or
266 nm), and formation of F, in the case of XeF;
(A = 266 nm) (Table 4). Clearly, the fragments
produced by the photolysis of the parent molecules
react extensively with each other (though in the case
of ICI, the observed products may partly derive from
direct, concerted reactions of the excited parent
molecule). It is thus likely that the reduced fragmen-
tation in ablation is due, at least partly, to the
operation of efficient recombination processes; i.e., a
percentage of the fragments recombines with re-
formation of the parent molecule. This possibility was
stressed already in the first studies by Domen and
Chuang.1415

The question is raised, however, about the factors
responsible for the efficient operation of the recom-
bination processes/cage effects. Initially, material
ejection was generally considered to occur largely
during the laser pulse,'”~?* in which case the ef-
ficiency of the recombination processes is difficult to
account for. Furthermore, in this case, secondary ab-
sorption in the gas phase would be expected to be
significant, thus resulting in further fragmentation.
The secondary gas-phase photolysis has been strongly
emphasized in polymer studies.»®! As illustrated by
the discussion in the other articles in this issue, the
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relative contribution of photolysis and of reactivity
in the gas phase (i.e., plume) versus in the film is an
issue of high importance in both MALDI and polymer
ablation.

The extent of the relative contribution of photolysis
in the gas phase versus in the film evidently depends
critically on the time scale of plume ejection (this
delineation may be somewhat of an oversimplifica-
tion, since there is not really a defining line in the
evolution from the condensed phase to the gas phase).
Even for simple thermal evaporation, desorption
continues for 100 ns after the laser pulse, until the
effected cooling reduces the temperature to low
enough values. In the case of explosive boiling (sec-
tion 11.B.2.), at least for fluences close to the ablation
threshold, material ejection can be considerably
delayed after the end of the nanosecond laser pulse
due to the time necessary for the bubbles to grow to
a large enough size.>® A considerable delay in the
material ejection onset has similarly been observed
in the irradiation of liquids (section I11). Since mo-
lecular photolysis occurs very fast (usually on pico-
second or nanosecond level), the delay in plume
ejection and the prolonged material ejection after the
laser pulse suggest that the largest percentage of
desorbates is photolyzed in the film before it has been
ejected in the gas phase. As a result, their photolysis
should be subject to the efficient electronic deactiva-
tion and radical recombination processes that are
characteristic of condensed phases,'®! thereby ex-
plaining, at least qualitatively, the operation of “cage
effects” advanced by Domen and Chuang. However,
in the case of ablation, the quantitative aspects are
far from clear, since the condensed phase is presum-
ably a superheated liquid. Ventzek et al.'%? suggest
that the degree of fragmentation can be predicted on
the basis of the corresponding equilibrium dissocia-
tion/recombination constants within the critical fluid
(but such constants are largely unavailable).

The issue of photolysis in the film versus in the
plume was specifically addressed in the 248-nm
ablation of condensed CgHsCl films.18* Interestingly,
the apparent photolysis yield, as determined from the
gas-phase [HCI]/[CsHsCI] ratio, exhibits two dinstinct
dependences on Faser (Figure 16). The small yield
observed at fluences close to the threshold appears
to be consistent with the assumption of reduced
photolysis efficiency within a condensed phase (but,
the validity of the argument of the photolysis ef-
ficiency depends critically on the extent of HCI vs
CsHsCl “postablation” desorption, see section 11.B.3).%8
At any rate, at higher fluences, at which extensive
material ejection during the laser pulse is indicated
to occur (Figure 8a), the photolysis yield exhibits a
sharp and nearly linear increase with Fisr. The
correlation strongly suggests the increasing impor-
tance of secondary gas-phase photolysis of the com-
pound in the plume. Furthermore, at these fluences,
free chlorine becomes significant, whereas this spe-
cies is hardly detected at lower fluences. Most prob-
ably, this represents Cl produced by photolysis of the
ejected compound in the initial stages of the plume
ejection, when the density of CgHsCl is still low.
Multiphoton processes and weak plasma formation
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Figure 16. (a) Fluence dependence of the intensities of
(neutral) C¢HsCl and HCI detected in the UV (4 = 248 nm,
Tpuise ~ 30 ns) irradiation of neat C¢HsCl condensed films.
The right-hand ordinate refers to CsHsCl and the left-hand
one to the intensity of the HCI product. (b) The gas-phase
HCI concentration as a function of the incident laser flu-
ence. The change in the dependence of the HCI yield at
laser fluences >150 mJ/cm? has been ascribed to the in-
creased contribution of secondary photolysis in the ejected
plume at these high fluences. Reprinted with permission
from ref 164. Copyright 1997 Elsevier Science B.V.

may also become important in determining the extent
of desorbate photolysis at higher fluences.

A dependence similar to that shown in Figure 16
is observed for the O, photofragment versus parent
signal in the irradiation of condensed Os films'%® at
248 nm (Table 5). A reduced parent peak at the
expense of higher fragment intensity is also found
for higher laser fluences in the UV (1 = 266 and 213
nm)*8 irradiation of polycyclic nitrate films. The
degradation of the mass spectra at high fluences, well
above the threshold, is a common observation in
MALDI, though in this case, enhanced thermal
decomposition (section 11.D.2) may also be involved.
The only case for the opposite trend is reported in
the irradiation of frozen glycerol® at 193 nm. The
HOCH,CHOH photofragment (Table 5) is found to
decrease relative to the ejected parent molecule with
increasing laser fluence. The reason for the different
behavior observed for this system is not understood.

In the ablation of indole films'3® at 266 nm (at
which both solid and vapor indole absorb) at 75 mJ/
cm? (probably close to the ablation threshold, which
however was not determined), the fraction of mol-
ecules that interact with the laser light is a percent-
age of the ejected material, and thus the ionization
efficiency is lower than expected. Following ejection,
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Table 5. Examples of Photoproducts Observed in the Ablation of Condensed Films of Photolabile Compounds
and Reaction Pathways Accounting for Their Formation

wavelength observed
system (nm) products/fragments proposed reaction scheme refs
CHsl, 308 CHal, I, CH; CHal, + hv — CHal + | 13-15
CH2|2 + hy — CH2 + 21
ICI 532,266 1, Cl, 1, Cl; ICIl+hv—1+Cl 160, 161
Cl+Cl—Cl;
I+1—1;
Cl, 355 Cl Cl, + hv—CIl+ClI 19-21
XeF; 266 XeF, F, F» XeF; — XeF + F 161
F+F—F;
CsHsCl 248 Cl, CéHs, HCI, C12H10, CgHsCl + hy — CgHs + Cl 38, 47, 156,
(CsHs),® CsH4Cl, CsHsCl + Cl — CgH4CI + HCI 157, 164,
Clegcl, C12H3C|2 C6H5C| + CeHs - C6H4C| + CeHe 167, 172
C6H4C|2 + C5H5 - C5H4C| + C6H5C|
CeHs + CsHs — CioHio
C5H4C| + C5H4C| - Clegclzb
C6H4C| + CsHs e Clegclb
C5H4C| + Cl — C6H4C|2
CH,(OH)CH(OH)CH,0H 193 HOCH,CH>0H, C3HsO3 + hy — CH,OH + HOCH,CHOH 64
(glycerol) CH,0OH, CH3; (CHgs is suggested to be formed via
protonation in postdesorption collisions)
CHCls 193 CHC I, HCI, CCl,, CHCI;3 + hv — CHCI, + CI° 176, 184
Cl, CCl; CHCI; + hv — CCl;, + HCI
CHCI; + Cl — CHCI, + HCI
Cl + CHCI3; — CCl3 + HCI
(a number of additional products may be
formed with successive laser pulses)
CsFsN3 (FPA) 248 CsFsN (FPN), N, CsFsN3 + hvy — CgFsN + N 169, 177, 180
(C6F5N)2 C6F5N + C5F5N - (CerN)z
O3 248 0, O O3 +hr—0;+ 0 166
(O2 may also derive from
O + O — 0Oz in the film)
SisN3CsH21 193 HeC2SiNH, SioC4N2H14 SisN3CeHz1 + hv — HgC,SINH + 265

(hexamethylcyclotrisilazane)

(Si2C4N2H14)
HeCzSiNH + hy — H3C*SiH2*NCH2

a CgHs could not be ascertained experimentally. ® These products may also be formed, respectively, by the direct reaction of Cl
and CgHs with the parent molecule via the so-called “ipso subsitution. ¢ The CI time-of-flight spectrum differs significantly from
those of CHCI; and CHCI, both in width and peak arrival time. (A similar observation has been also reported in the irradiation
of Ce¢HsCl films.) The Ewans is comparable to that determined in the gas-phase photolysis of the compound, thereby suggesting
that it has undergone very few collisions. It appears likely that it is produced via photolysis of the ejected CHCI; in the plume,
similar to the suggestion advanced in the studies of CsHsCI8 and indole film.3° Additional support for this suggestion is related
to the high reactivity of the chlorine atom, which suggests that any ClI formed in the film will react before it is ejected.

16% of the desorbates absorb one ablating laser
photon and subsequently fluoresce back to higher
vibrational levels of the ground electronic state (with
the vapor heated from T; = 173 to 233 K), whereas
1075 molecules absorb two photons and ionize. In
contrast, in the irradiation at A = 290 nm, which is
strongly absorbed by the solid but not by the vapor,
only 0.1% of the molecules are heated by the ablating
laser, and the ionized fraction is reduced from 10-°
to 1077

In all, the studies thus far have provided strong
evidence for the importance of recombination pro-
cesses in the ablation of moleculer photosensitive
films. However, the extent of their influence on the
desorbate photofragmentation extent is expected to
depend greatly on the specific reactivity of the
produced radicals, i.e., to be system-specific. On the
other hand, the detrimental effects of secondary
absorption in the plume for the apparent photosta-
bility of the molecules have been clearly illustrated
by the previous studies. This contribution may, in
fact, be partly responsible for differences, such as for
the enhanced fragmentation and a higher percentage
of “internally hot” molecules observed in the “front”
part of the plume versus in the main part.140.152153

These differences have alternatively been related to
the degree of thermal degradation of the correspond-
ing populations,%6157 but the gas-phase contribution
appears to be an equally likely factor in the case of
UV ablation. Finally, it is stressed that the previous
discussion of film versus plume contribution pertains
only to photolysis. The degree of reactivity in the film
versus in the plume is a much more involved aspect,
which has been a particular consideration in the case
of MALDI, as described in the article by Zenobi and
Knochenmuss in this issue.

Besides the question of the extent of photofrag-
mentation, another most important question con-
cerns whether product patterns in UV ablation differ
from those in conventional photochemistry.

In the few systematic studies of photoproduct for-
mation as a function of laser fluence, different species
have been detected in the gas phase above versus
below the threshold. In the irradiation of condensed
fluorophenyl azidel®®177:180 (FsPhN3) at 248 nm,
FsPhN and N, are detected above the ablation thresh-
old (the smaller detected fragments may be largely
due to the cracking at the ionization source). In
contrast, below the threshold, only N, is detected in
the gas phase. Similarly, in the 248-nm irradiation
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of neat C¢HsClI films®8172 above the ablation thresh-
old, a number of different products are detected in
the gas phase (Table 5), whereas at lower fluences,
only HCl is observed from freshly deposited films. It
would be tempting to suggest that the observation
of the various products above the threshold reflects
the reduced reaction selectivity in ablation. However,
in both cases, the examination of the irradiated films
clearly shows additional photoproducts formed in the
substrate below the threshold. In the FsPhNj3 sys-
tem, the formation of the dimer, fluoroazobenzene
(FsPhN=NPhFs), in the irradiated film%° is estab-
lished by FTIR and absorption measurements. The
product is formed quantitatively in the film, and all
precursor is chemically modified after a sufficient
number of pulses. In the CsHsCl system, formation
of the phenyl derivatives in the film at fluences below
threshold has been established by transmission
measurements,®172 pump—probe!’? studies, and ther-
mal desorption spectroscopy.*® Thus, the detection
of a higher variety/number of different products in
the gas phase above versus below the threshold must
be related mainly to the different material ejection
mechanisms in the corresponding fluence ranges
(section 11.B.2). Below the threshold, only the volatile
products (i.e., N2, HCI, etc.) desorb, whereas the ones
that are strongly bound to the matrix are ejected only
in the ablative regime. This delineation must be
taken into careful consideration in studies on complex
substrates (e.g., polymers) that rely largely on the
examination of gas-phase ejected species to extract
mechanistic information.

The difference in ejection mechanisms may have
important implications for the extent of photoproduct
formation in the corresponding fluence ranges. Clearly,
in the irradiation below the threshold with successive
laser pulses, there is accumulation in the substrate
of “heavy” radicals that may result in side reactions
and extensive “polymeric” formation. This possibility
is indicated in the examination of the CsH5sCI®%182 and
halocarbon films.*®* The deleterious effects of ac-
cumulating chemical modifications to the integrity
of the substrate and/or efficiency of material ejection
have been noted in MADLI'"® and in the irradiation
of polymers!186.174.178 (ysually observed for irradiation
close to the threshold). In contrast, these side effects
may be reduced in extent in the ablative regime, due
to the efficient removal of even the larger, strongly
bound species. Indeed, subsequent irradiation at
higher fluences removes the modified layers, with
restoration of the ejection signal. As indicated above,
eq 3 suggests the extent of photofragmentation and
photoproduct formation in the remaining substrate
to be constant with laser fluence. However, this
neglects the possibility that fragments and/or photo-
fragments that are formed below the etched depth
and are weakly bound to the matrix may diffuse to
the surface and thermally desorb (“postablation”
desorption; section 11.B.3). This effect may be a
crucial factor for the success of the various laser
material-processing schemes, since it indicates that
small (usually the most reactive) species formed even
below the etched depth may be efficiently removed.
Thus, we have stressed!’®7 that the importance of
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high substrate absorptivity for successful laser mate-
rial processing may be related, besides the well-
known criterion for efficient material removal and
good surface morphology, to the optimal effected
etching rate versus depth of product accumulation
(“confinement” of photoproducts remaining in the
substrate very close to the surface and efficient
removal).

Another effect of the photoproduct accumulation at
fluences below the threshold may be the enhance-
ment of light absorption with successive laser pulses.
This results in an induction effect; that is to say, the
desorption signal from freshly deposited films is
relatively low, but it increases with successive laser
pulses. This effect is most pronounced in the irradia-
tion of films that absorb weakly at the irradiation
wavelength (e.g., CH,Cl, and C¢Hj;, at 248 nm),®8 but
it is also observed®®'%” for compounds such as
CsHsCl, in that their photolysis results in products
that are stronger chromophores than the precursor.
The observation of incubation even for the simple van
der Waals films clearly shows that, in the corre-
sponding phenomenon in polymers,t11:170.171 the ne-
cessity of chain breakage is of minor importance for
its observation. Analytical modeling of the optical
changes effected to the substrate with successive
laser pulses has been described in ref 171.

Turning now to the formation mechanisms of the
photoproducts observed in the ablative regime, in all
systems mentioned thus far, these can be fully
accounted for by well-known reactions of the radical/
fragments produced by the photolysis of the precur-
sor. There is no indication that new reactivity path-
ways open up in the ablative regime. A few selected
examples are summarized in Table 5. For the indi-
cated compounds, thermal decomposition is indi-
cated®%161 to be minimal due to the strong bonds
(Ebona = 3 €V) of the compounds. In the irradiation
of CgHsCI films at 248 nm (tpuse = 30 ns), the
suggested radical mechanism (Table 5) is further
supported by the fact that changes in the product
pattern upon dilution of other compounds (CgHj,,
Freon, etc.) in the CgHsCl matrix are found to
correlate with the degree of reactivity of CsHs and
Cl photofragments toward the added compound.*7:172
The observed product pattern in the irradiation of
neat C¢HsCI films has been quantitatively modeled
by MD simulations.’®6157 However, the modeling
relies on reaction rate constants adapted from con-
ventional solution studies. At present, the validity
of this (implicit) assumption is unclear.1728 Further
limitations in MD simulations may result from the
necessary scaling of the constants due to computing
power restrictions. We have suggested'®® that the
study of the influence of deuteration on photoproduct
patterns, a well-known methodology in organic ki-
netic studies, may be particularly useful in address-
ing such questions.

Importantly, reactions induced in the UV ablation
of photolabile systems may be highly exothermic. If
these reactions are fast enough to compete with
material ejection due to explosive boiling, then the
energy release into the system may contribute sig-
nificantly to material ejection®6157 (discussed in more
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detail in section 111.B.2). In the case of van der Waals
films, this possibility is indicated in the com-
parison of the UV (1 = 248 nm) ablation of CsHsCHj3
and CgHsCI films. Much more direct evidence has
been provided in the 248 nm ablation of films of the
highly photoreactive pentafluorophenyl azide (FPA).
In the ablation of films of the compound dispersed
within Ar, the pentafluorophenylnitrene (FPN) radi-
cal is clearly detected'’”180 in the plume, whereas this
intermediate is not observed in the ablation of neat
FPA films.1®® The difference is ascribed to the en-
hanced thermal decomposition of the radical in the
latter case due to the high temperatures resulting
from the high exothermicity of the reactions that take
place in the neat films (Table 5). Furthermore, the
blackbody radiation spectrum of the plume in the
case of the neat film is consistent with a temperature
as high as 2900 K. Further studies in this direction
are expected to provide detailed information on the
“coupling” between thermal and (photo)chemical
processes in the UV ablation of photolabile systems.

Despite their importance, ionization processes have
not been specifically examined in the UV ablation of
simple molecular systems. A number of early works
have studied ionization processes for a variety of
rather complex organic molecules. Karas and Hill-
enkamp have delineated different categories of com-
pounds in relation with the observed ions and plau-
sible ionization processes.’®® The various factors that
may be involved in ionic desorbate formation in
MALDI are discussed in the subsequent articles. In
contrast, in the case of van der Waals films, the
studied compounds generally lack the functional
units that would promote ion formation. As a result,
observed ionic desorbates either represent preformed
ions of the salts mixed in the substrate33643.191 or
are formed via secondary absorption of photon(s) by
the ejected desorbates in the plume.1864139.189 |n the
former case, it is important that the clusters that are
commonly observed in the irradiation of these sys-
tems are generally not related to the embedded salts,
but instead to the solvated ions (i.e., M(solvent), are
observed rather than MX(solvent),, where X = an-
ion). This result supports the suggestion that the
clusters are directly ejected from the substrate (since
the salts dissociate upon dilution into hydrated ions).
Alternatively, the final form of the desorbed species
may be dictated by thermodynamic stability factors,
as discussed by Knochemuss and Zenobi in this issue.
As for the ionization effected by secondary photon
absorption in the plume, this has been exploited for
the desorption and state-resolved detection of the
desorbates'® in a one-laser experiment (i.e., by the
ablating laser pulse) and for analytical purposes.'8°
In the irradiation of frozen glycerol films,54 ion signal
is observed at a well-defined threshold, above which
it increases linearly with laser fluence. A combination
of thermal ionization process (described by the Saha
equation'®’) and ionization via a single-photon ab-
sorption in the plume was proposed to account for
these features.

Studies on ion formation in simple systems exhib-
iting acid—base reactivity, electron-transfer pro-
cesses, etc. evidently would help greatly in the elu-
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cidation of the ionization processes in MALDI. Mash-
ni and Hess® studied ion formation and ejection in
the IR irradiation of films of simple organic com-
pounds, and this work could provide the basis for
corresponding studies in UV. Such studies may be
most useful in addressing the importance of chemical
characteristics of the matrix and analyte for desor-
bate ionization in the UV irradiation, the role that
“exciton pooling” -7 processes (section 11.B.4) are
indicated to play, the relative contribution of the
processes in the film versus in the plume, the time
scale of ion formation versus that of material ejection
and plume expansion, etc.

2. Thermal Decomposition Effects

In all previous cases, the compounds are thermally
stable, and the attained film temperatures are not
high enough to result in any significant decomposi-
tion. For thermally labile compounds, however, fur-
ther chemical modifications via thermal decomposi-
tion can be expected. The issue of thermal degradation
to the substrate is crucial in the laser-processing/
structuring of materials, and thermal decomposition
of the desorbates is crucial in analytical applications
(laser ablation mass spectrometry and MALDI).

Concerning the extent of thermal degradation to
the substrate, this is usually discussed in terms of
the thermal diffusion time (tthermal, Section 11.B.2) as
compared with the nanosecond laser pulse width.
However, as noted in the previous sections, the time
scale of material ejection can be considerably longer
than the laser pulse width, and so the simple
comparison may underestimate somewhat the extent
of thermal diffusion.’®> A more detailed description
starts from the consideration of the heat conduction
problem in the irradiation of the systems. Usually,
the enthalpy formulation of the heat equation is
employed because of its convenience in dealing with
phase changes including melting.%'8” Written in the
frame of reference of the receeding surface (assumed
to be along the z-direction), this becomes

aH _ oH _ ﬁ( ﬂ) _ae™
ot 9z 0dz\ oz 9z '
T I !
H(T) =p [ C(T")dT" (14)

with the main boundary condition concerning the
energy loss at the surface due to evaporation,

oT oH
k5|z=0 = D¥|z=0 = U(L - Hs + HV(TS))

Here, v represents the rate of material removal, and
the term in the parentheses represents the enthalpy
difference between the vapor and the condensed
phase (evaluated at the surface temperature, Ts). C
is the heat capacity, p the density, L the evaporation
latent heat, Hs the enthalpy of the substrate at the
inteface, and H_ the vapor enthalpy, H, = p/7’

CcY(T") dT' (all expressed per unit volume). The
solution of the equation for the “nonstationary case”
relevant to the irradiation with nanosecond pulses
has been discussed amply in the literature.>'8” The
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extent of thermal decomposition or any “pseudo-
unimolecular” reaction up to time t is then assumed
to be given by a time-integrated Arrhenius equation,

ff) A exp(—Ea/RT(t")) dt ' (where A and E, are the
corresponding pre-exponential factor and activation
energy).18>18 However, no satisfactory analysis has
yet been reported for the case of explosive boiling
(though similar to the so-called “volume” models
considered in the case of polymer ablation and
discussed in the contribution by Bityurin et al. in this
issue). Furthermore, the estimation of the extent of
thermal decomposition neglects that reaction con-
stants may be significantly affected by the parallel
change in the physical state and structure of the
substrate. Initial studies’® on doped polymers indi-
cate that these effects are manifest in unexpected
way in the kinetics of photoproduct formation.

It has been even more challenging to account for
the thermal stability of the desorbates in the ablation
of molecular solids. Evidently, the thermal confine-
ment factor by itself is insufficient to account for the
reduced thermal degradation of the ejected desor-
bates. A number of different suggestions have been
advanced to account for this observaion. Early ion,
Vertes and Levine™ 7% suggested that the reduced
fragmentation of the biopolymers in MALDI is due
to a bottleneck in the energy transfer from the matrix
to the protein. The suggestion was advanced to
reconcile the observed stability of the biopolymers
with the very high temperatures necessary for their
ejection by a simple thermal desorption/evaporation
process. It was suggested that, because of the mis-
match between the vibrational frequencies of the
matrix and those of the biopolymer, an energy-
transfer bottleneck is formed, and the phonons pump
readily only the hydrogen bonds between the matrix
and the protein, but not the “internal” biopolymer
vibrations. A competitive kinetic model’*"® and com-
puter simulations’” indicate that the analyte can be,
indeed, ejected with an internal temperature much
lower than that of the matrix. However, since inter-
and intramolecular energy-transfer processes occur
efficiently on a picosecond time scale, it is question-
able whether irradiation with typical nanosecond
pulses is short enough to preclude them. “Bottleneck-
ing” effects appear more likely in the irradiation with
picosecond pulses; in fact, strong evidence for such
an effect has been indicated in polymers.1°¢ However,
even in the irradiation with nanosecond pulses, the
concept of energy bottlenecks may be a significant
one, even if their physical origin may not be the one
underlined by Vertes and Levine. Indeed, in the case
of explosive boiling, the formation of a high number
of bubbles within an initially homogeneous medium
can introduce barriers of various sorts. The possibility
of the fast “exploitation” of the excess energy by the
“volatile” matrix in bubble formation/growth contrib-
uting to the cooling of the material has already been
noted (section 11.B.3).

An interesting comparison was early reported by
Buck and Hess?® that in the ablation of neat CsHs
films at 248 nm, no naphthalene is formed; signifi-
cant product is formed instead, presumably via prior
decomposition of C—H bond(s), for substrate-medi-
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ated heating of the adsorbate layer. Unfortunately,
the reported information about the irradiation condi-
tions is insufficient to establish the factors respon-
sible for the observed difference. The use of a metallic
substrate may have been responsible for the naph-
thalene formation in the heating experiment. A more
concrete example of thermal decomposition was
obtained in the CO; laser ablation of frozen aqueous
solutions of the tryptophan and tyrosine amino
acids.188 At laser fluences slightly above the ablation
threshold, the molecular peak is stronger than that
of the fragments formed by the loss of the side chains.
With increasing fluence, the molecular and the frag-
ment peaks increase in parallel. However, above a
laser fluence about twice the ablation threshold, the
fragment signal increases at the expense of the
parent molecule peak in a way very similar to that
depicted in Figure 16. It was shown that heating of
the plume by secondary absorption is insufficient to
account for the observed trend. The fragmentation
was ascribed to the enhanced degradation of the
analyte molecules within the highly heated cavitation
bubbles formed in the explosive boiling process (in
which case fragmentation precedes any cooling effects
due to postdesorption collisions). The study was
performed in the IR. Nevertheless, given the similar-
ity of the mechanisms to those described in sections
11.B.2 and 11.B.3, the findings of the study may be
also relevant to UV ablation, though in this case the
photoionization/dissociation in the plume, as de-
scribed above, will probably set in at lower fluences.

A systematic attempt at assessing thermal decom-
position in the UV ablation of molecular solids was
reported by Vertes and Gijbels.?®* To this end, the
ionic and neutral desorbates in the irradiation of
phosphonium salts, neat or dissolved in matrices (nic-
otinic acid, NH,4CI, 3-nitrobenzyl alcohol, glycerol),
at 1 = 266 nm with 7puse &~ 15 ns were studied. In
the irradiation of the neat solids, fragments compat-
ible with thermal decomposition as well as products
due to recombination reactions are observed. In con-
trast, upon dilution of the salts in UV-absorbing ma-
trices, the yield of intact ions is highly increased, and
recombination products are greatly reduced (evi-
dently due to the high degree of dilution within the
matrix). A detailed characterization of the depen-
dence of the extent of decomposition on irradiation
conditions, matrix properties, and analyte concentra-
tion was performed. Reduced decomposition is ob-
served for matrices that absorb strongly at the irradi-
ation wavelength (an effect probably sufficiently ac-
counted for by eq 13) and for matrices of a low boiling/
sublimation point. On the basis of their results, the
authors suggest that triphenylphosphonium salts
with polycyclic aromatic substituents can be used as
“molecular thermometers”, but evidently simpler sys-
tems would be preferable. Furthermore, the photo-
chemistry of these systems is not well characterized,
and it is not clear to what extent the observed prod-
ucts may also derive from direct photodissociation.

As indicated in section I1.C, particular emphasis
has been placed on the possibility that the reduced
desorbate degradation is largely due to the “plume
cooling effect”. In fact, this has been the most often
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invoked?122:30.75.115,116,138,191-193 factor accounting for
the “softness” (i.e., low internal energy excitation) of
analyte ejection effected in their laser-induced ejec-
tion from a matrix. More recently, in view of the MD
simulation results (section 11.B.2), the rapid evapora-
tion from the clusters (in the plume) has also been
suggested as a plausible factor leading to the cooling
of the incorporated macromolecules. Yet, in other
cases, the importance of the plume cooling has been
questioned. For instance, in the UV ablation of
tryptophan—glycine and tryptamine (A = 532 nm
with 7puse = 10 ns at | = 108 W/cm?),240 thermal
decomposition of the internal “hot” parent molecule
is demonstrated by a high contribution of metastable
fragment in the post-ionization spectra. The frag-
ment/parent molecule ratio in ablation is 4 times
higher than that for jet-cooled compound.'#® If, in-
stead, postdesorption collisions are promoted by
introducing a gas flow, then decomposition is found
to be highly reduced. However, the experiment
involved absorption by both the adsorbates and the
substrate (in this case, the gas-phase collision num-
ber may be much lower). Furthermore, the cooling
efficiency will depend greatly on the presence, if any,
of a matrix, relative concentration, etc.120-123133-135154
Indeed, in the irradiation of analytes within simple
inert matrices, the cooling degree is indicated!'>16
to “exceed” that effected via laser ejection of neat
compounds into a supersonic jet, as employed in
many cases.'”"11° Thus, the importance of plume
expansion to reduce internal excitation appears to
have much evidence in support, but its determining
role remains to be firmly established. Study of
bicomponent simple systems such as those used in
section 11.B.2, in which the analytes have thermally
labile/weak bonds, may enable a quantitative assess-
ment to be made of the importance of the various
factors for the thermal stability of the desorbates.

In all, the studies on van der Waals films illustrate
a number of interesting features about chemical
processes and effects in the UV ablation of molecular
substrates. These studies provide a basis for under-
standing the fragmentation/reactivity processes in
the UV ablation of more complex molecular sub-
strates. However, evidently many issues remain to
be addressed, even in the case of simple compounds.
First, it is not clear how reactivity in metastable
conditions may be described and how it may differ
from that under equilibrium conditions. Though
metastable liquids have been studied extensively
from a thermodynamic standpoint, very little con-
sideration has been given to their photophysical/
chemical properties (e.g., absorption and photolysis
cross sections, reactivity, etc.). Furthermore, if vi-
bronic “hot spot” formation occurs,5”%8 the usual
concept underlying reaction kinetics in solutions,
according to which photofragment “thermalization”
occurs very rapidly before any reaction, may not be
valid in UV ablation. It would be interesting to
examine the applicability of Kasha’s rule,'% which
has been shown to underline most photophysics/
chemistry in solution studies (de-excitation to the S;
state is usually ultrafast, and fragmentation yields
and reaction patterns are nearly wavelength inde-
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pendent). This is an important point to study, be-
cause in polymers, different mechanisms (e.g., pho-
tochemical versus thermal) of material ejection are
suggested to operate at different wavelengths, de-
pending on the nature of the excited chromophores.
Furthermore, thus far, no study of photoproduct
formation kinetics has been reported. In the case of
polymers, there is evidence that the kinetics of
product formation (in the substrate) differs distinctly
and in unexpected ways from that at low laser
fluences.'”® Such kinetic studies will be definitely
much more informative than just the characterization
of the ejected products. Unfortunately, addressing
these questions via gas-phase diagnostics, even in
simple systems, may not be straightforward, since
the ejection of some photoproducts within clusters
may hinder their quantitative analysis and compari-
son. Complementary study of the species remaining
in the substrate may be much more enlightening.

lll. Studies on Liquids

Laser-induced material ejection from liquids has
been intensely pursued in its own right. Further-
more, it has provided the basis for understanding
laser-induced ablation of more complex systems. In
particular, early on it was indicated that the physical
mechanisms underlying the “soft” tissue ablation
may bear a strong resemblance to that of absorbing
liquids. Further strong interest was generated by
initial studies showing that laser irradiation of liquid
films can have a high technological impact, in par-
ticular for the removal of submicrometer particles,
laser micromachining, etc.

Laser-induced material ejection from liquids can
involve a number of processes, such as evaporation,
spallation, photochemical processes, dielectric break-
down, and electrostriction. Herein, we confine de-
scription to only some of these processes. In particu-
lar, dielectric breakdown and related processes are
not discussed, since they have been amply re-
viewed!®’1% in the literature and they are more of
a physical rather than a chemical nature. However,
it is noted that laser-induced plasma and breakdown
processes may be crucial in various implementations
of the phenomenon. Excluding these mechanisms, the
liquid-to-vapor transition can be effected by two basic
ways, either by boiling (normal boiling or explosive
boiling) or by cavitation effected upon application of
tensile pressure to the liquid. Finally, the possibility
that photochemical processes may induce material
ejection has been examined in detail in the case of
liquids and this work is discussed in section I11. C.

A. Transparent Liquids on Absorbing Surfaces:
Liquid Superheating

For a fast enough heating rate such as that at-
tained by an electric current pulse, superheating of
liquids well above the saturation point corresponding
to their ambient pressure is known to occur.5253 In
comparison with the conventional techniques, laser
irradiation provides the possibility of attaining ul-
trafast heating rates and studying nucleation phe-
nomena with a high temporal resolution. In this re-
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spect, the most well defined case occurs for transpar-
ent liquids adjacent to/spread on UV absorbing
surfaces (such as polyimide, silicon or metallic film).
The system offers the advantage that energy deposi-
tion is clearly decoupled from the subsequent phase
transformation.

Upon irradiation with a UV pulse, the absorbed
energy diffuses from the substrate into the adjacent
liquid. Since a short pulse duration implies a small
thermal diffusion length, strong overheating of the
adjacent liquid layer can be effected even at moderate
energy densities far below any damage threshold of
the substrate. The transient temperature field es-
tablished in the liquid adjacent to the absorbing
surface is given by eq 7 on the basis of 1-D heat
flow?06:207.210 (energy “consumption” for phase change
and heat-transfer resistance at the liquid/substrate
interface are neglected). The temporal evolution of
the interface temperature has been confirmed ex-
perimentally by monitoring the reflectance of a
semiconductor substrate (e.g., p-Si), which exhibits
highly temperature-dependent optical proper-
ties.203:206.207 In particular, the semiconductor layer
can be attached on the back surface of the laser-
heated metallic substrate.?°62°7 |n this arrangement,
the temperature and the phase change phenomena
can be monitored independently (and in parallel) with
nanosecond resolution via the optical reflectance,
respectively, of the back and of the front side of the
system. The development of this technique resolves
a main problem in the older conventional studies on
superheating of liquids, namely that of accurately
knowing the temperature of the vigorously boiling
liquid. On the basis of such measurements, it is
established that, at sufficiently high laser fluences,
peak temperatures above the bhoiling point of the
liquid are attained, in which case bubble formation
is expected to occur.

A variety of techniques have been employed to
probe bubble nucleation and growth in the super-
heated liquids adjacent to the absorbing surface. The
most direct method has turned out?°2-2% to be the
temporally resolved monitoring of the reflectance and
scattering of an incident probing laser beam (Figure
17). However, the quantification as well as the
detection sensitivity of these optical techniques is
somewhat limited. To overcome the first limitation,
Kim et al.?*? have resorted to interferometric mea-
surements relying on a Michelson-type arrangement
to quantify the effective (optical) thickness of the
bubble layer. To overcome the second restriction,
Yavas et al.?® have relied on surface plasmon reso-
nance spectroscopy (SPR). The technique is based on
the fact that the bubbles represent effective scatter-
ers for the surface plasmons of the metallic substrate,
thus resulting in the broadening of their resonance.
In the absence of bubble formation or following
bubble collapse on the microsecond time scale, only
an angular shifting of the resonance curve is observed
as a result of the temperature rise in the liquid.

On the basis of these techniques, distinct regimes
of the bubble growth have been delineated. In the
first stage, separate bubble nuclei (embryos) begin
to grow on the surface upon irradiation above a
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Figure 17. (Top) Experimental setup for the optical
reflectance and scattering monitoring of the bubble forma-
tion/growth that occurs in the transient laser heating.
(Bottom) Transient reflectance in the irradiation of 2-pro-
panol (a) and water films (b) adjacent to a Cr-plated (0.2
um thick) quartz upon irradiation with an excimer (248
nm) laser pulse. The probe beam has 4 = 752 nm, is
s-polarized, and is incident at a 7° angle. Reprinted with
permission from ref 205. Copyright 1993 The American
Physical Society.

liquid-specific threshold fluence. The bubble nuclei
formation is evidenced by a characteristic initial
increase in the specular reflectance of a probing laser
beam incident on the liquid/substrate interface®®
(Figure 17 (bottom)) and by the appearance of a hump
in the SPR signal. These changes can be ascribed to
the transient change in the dielectric constant, e, of
the medium that occurs upon the formation of a
foamy layer (corresponding to a thin layer of small
bubbles on the metallic surface). Maxwell—-Garnett
effective medium theory can be employed?® to cal-
culate e of the foam as a function of the fractional
volume of the bubbles. A simple ray optics analysis
of the three-layer system consisting of liquid, foam,
and the metallic substrate satisfactorily accounts for
the observed transient increase in the reflectivity.
The exact threshold for embryo formation depends
on the sensitivity of the employed probing technique
to the bubble size. A particularly sensitive way of
monitoring is afforded by SPR, with an indicated
detection limit of ~20-nm bubble size. Embryos are
found to nucleate for surface temperatures only
slightly above the boiling condition (ATsut ~ 10
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K).206210 The very small overheating necessary for
bubble nucleation is due to the heterogeneous nature
of the process, with the solid surface providing the
nucleation sites. The heterogeneous nature is con-
firmed by the dependence of the required superheat-
ing on the degree of smoothness of the metallic
surface. Due to the heterogeneous nature of nucle-
ation, the nucleation rate of bubble formation is
modified®? from that in the homogeneous case (section
I1. B.2) into

N2 + cos 0) (3F(9)g)1’2

2F(6) am
_ 1672F(0)0° (15)
3K T (7Psar — PL)°

where F(0) = Y/, (2 + 3 cos 6 — cos® 6). N2? is the
number of molecules per unit area at the interface,
and 0 is the contact angle. As a result of the
heterogeneous nature, the degree of penetration
effected into the metastable region may be greatly
limited.

The embryos are formed during the nanosecond
laser pulse, and their initial growth is largely inertia-
controlled. The growth of (spherical) bubbles can be
estimated from the Rayleigh equation that describes
the mechanical energy balance for a growing bubble

in an incompressible (i.e., constant density) liquid:
52,53,200,201

d°R §(dR)2 _1 20
dt

2t ——(PV—P,_ 29\ (16a)

R
In the early stage, R(d?R/dt?) is negligible and bubble
growth is inertia controlled, so that the bubble radius
as a function of time can be approximated as (contact
angle 0°)

2P, — P
3p.

P._p = Pvhiu(Ty = Tsa(PL)
vt Teae(PL)

where the pressure difference term is approximated
using the Clausius—Clapeyron equation. Py and Ty
represent the pressure and temperature inside the
bubble, P, the ambient pressure, Tsa(PL) the satura-
tion temperature corresponding to P, p the density,
and h,y the vaporization heat). The formula yields
an upper limit, since it assumes constant superheat-
ing of the liquid, a single spherical bubble on a solid
surface, and reversible bubble expansion. Thus, the
growth rate is estimated?*? to be 10—14 m/s (for H,O
at peak interface temperatures in the range of
425—-500 K), whereas experimentally, it is found to
be ~3 times lower (0.5—3.6 m/s).205.206,208.212 At 10 ns
following the onset of the excimer laser pulse, the
upper limit for the fractional volume of bubbles in
the superheated water layer amounts to f ~ 0.05—
0.1, corresponding to an estimated bubble number
density of ~10% m~2 (~1% mass fraction of vaporiza-
tion).

oL

(16b)
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Further growth (stage I1) of the bubbles can occur
only if sufficient heat is supplied from the surface.
This growth is reflected by the decrease in the
specular reflectance (Figure 17) with the concomitant
increase of the scattered light. These optical changes
are due to the fact that bubble size (Rpupbie) grows to
a size & Aprope/l27n (Where Aprone IS the probe beam
wavelength and n is the refractive index), and as a
result, Mie scattering dominates (in which case the
extinction coefficient of the foam layer Cext = /Npubble-
(Roubbie) 277R Girective ARbubble, With Rereciive 2 Rippre fOF
large enough bubbles). Thus, the transition to Mie
scattering has been taken to represent the threshold
for the bubble growth, distinct from the threshold for
bubble nucleation described above. For atmospheric
pressure, such growth is observed to occur for peak
surface temperatures of ~100 K above the boiling
temperature (for H,O and CH30H).205208212 Ag dis-
cussed in section 11.B.2, spontaneous growth can
occur once the embryonic bubble radius reaches a
critical radius, R, = 20/(Py — P.).52%2 It is demon-
strated that growth is observed when the super-
heated liquid thickness exceeds the critical radius.
Thus, the growth rate in this regime is limited by
the speed of heat diffusion from the solid surface into

the liquid (O v/Dt). If this condition is met, then
both the size and the number density of the bubbles
increase for times up to ~150 ns. The bubbles remain
confined within the superheated liquid layer, and the
bubble size does not exceed the superheated liquid
layer thickness.

In the 150—400-ns range (stage Il1), the effective
bubble layer thickness, as monitored via interferom-
etry, increases, but the number density of the bubbles
decreases, manifested by recovery of the light-scat-
tering loss.?'2 Thus, in this regime, bubbles coalesce,
and the bubble layer can be well approximated as a
thin vapor film. For high enough fluences, when the
film thickness exceeds a certain limit, instabilities
set in, resulting in the violent ejection of the overlying
liquid layer, which subsequently breaks down into
jets. Finally, after 500 ns (stage 1V), the size and the
number density of the bubbles are reduced, resulting
in the decrease of the light scattering in the restora-
tion of the initial width of the surface plasmon
resonance. The decay rate of the bubbles is much
slower than their growth rate, with their collapse
being complete after ~1 us. This result sharply
contrasts the simple ideal bubble dynamics solu-
tions,?° which predict the collapse time of a bubble
to be smaller than the expansion time. Plausibly, the
slow decay rate is due to the high density of cavita-
tion bubbles?'! formed at these irradiation conditions.
In this case, nonlinear interaction between the
bubbles can be expected through the liquid pressure
fluctuations that they induce. It is shown that this
interaction may result in an increase of the bubble
lifetime as compared to that expected from ideal
solutions.

The dependence of the phenomenon on external
(applied) pressure has been studied.?%6:2°7 For pres-
sures up to ~2.2 MPa, the nucleation of the embryos
is found to be nearly insensitive to the pressure,
consistent with the fact that this process is domi-
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nated by inertial factors. Similarly, the rates for the
subsequent bubble growth and collapse (in the Mie
scattering regime) are independent of pressure, but
the total volume of the bubbles (as measured by the
total optical scattering signal) decreases with in-
creasing pressure. This can be ascribed to the fact
that, with increasing pressure, the boiling point
increases, and thus the corresponding degree of
superheating, Tsurf(Fiaser) — Thoit, decreases. At high
enough external pressures, bubble formation is in-
hibited.

Bubble nucleation and formation results in acoustic
transients that propagate through the liquid?0212
with sonic velocity. Below the onset of vaporization
threshold, a low-amplitude pressure is generated only
via thermal expansion. However, above the threshold,
the collective and synchronous expansion of multiple
bubbles results in a strong compression pulse. Es-
sentially, the superposition of the pressure wavelets
that are produced by the numerous growing bubbles
[the pressure generated by a single sphere being P
0 pR2Z,upie(d2Ruunbie/dt 2)] results in a pulse that can
be approximated as a plane wave. Indeed, the tran-
sients have been detected by piezoelectric transduc-
ers,?® by an optical beam deflection technique based
on the “mirage effect”,?®® and by SPR.?1° Because of
differences in their time resolution and integrating
nature, these techniques yield somewhat different
values, with the more sensitive SPR reporting a ~40-
ns width of the acoustic pulse and ~2 MPa peak
amplitude. Because the generated pressure is pro-
portional to d?Ryuppie/dt?, the acoustic enhancement
in the laser-induced vaporization process is caused
by the fast bubble expansion in the growth stage and
not by the much slower bubble collapse. This en-
hanced acoustic excitation is taken advantage of in
“steam laser cleaning” and in the liquid-assisted
material ablation (section V).

Most interestingly, even after the bubbles collapse,
repeated bubble formation may occur?'® on a longer,
microsecond time scale. This secondary bubble for-
mation is due to cavitation at the liquid—solid
interface, induced by the reflected acoustic pulses
generated by the primary bubble growth. By using a
double-laser-pulse experiment and probing different
areas of the sample surface, it is shown?!3 that an
essential requirement for the observation of this
“memory effect” is the preceding bubble formation at
the liquid—solid interface. With increasing delay time
between the two laser pulses, the “memory effect”
decays, and eventually no cavitation enhancement is
observed. Thus, even upon collapse, the primary
bubbles induced by the UV irradiation do not com-
pletely disappear but survive for a few hundred
microseconds and can serve as embryonic bubbles.
The survival rate depends on the nature of the
present solutes, with salts (e.g., NaCl) providing a
particularly effective stabilization of the embryos.
This result is directly related to the issue of the
nature and stabilization of microscopic bubbles (nu-
clei) within liquids, a question that has not yet been
satisfactorily resolved.

Liquid superheating can be similarly observed in
the case of absorbing particles dispersed within a
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nonabsorbing solvent for irradiation with short enough
pulses (r, < 107° s5).22° For the case of particle size
smaller than their thermal diffusion length, so that
they are thermally homogeneous, the fluence for fully
developed bubble formation around the particle is

(Tooit — To) (4
Frasr = 2 (L Rp,C,, + 40C o Dpuee] +
4
;PA\/ DTpuIse (17)

where To is the initial temperature, R, pg, v, and Cy,
represent the size, density, integral absorption coef-
ficient (such that particle absorption equals 47R?y),
and heat capacity of the particle, A is the specific heat
of evaporation, and D is the thermal diffusivity of the
solvent. The term within the parentheses gives the
fluence necessary for the heated layer to reach the
boiling point, and the third term is related to the
extra heat required for its vaporization. A further
detailed description may be found in ref 230.

The bubble formation around individual micropar-
ticles (melanosomes) heated by a 30-ps laser pulse
has been visualized by time-resolved optical micros-
copy. Bubbles are observed as early as 0.5 ns after-
ward, expanding to a few micrometers on 0.1—1-us?*®
time scale. Collapse of the bubbles formed close to
the free surface of the colloidal solution generates
hydrodynamic flow, which can result in significant
material ejection in addition to any evaporative
losses.??® The bubble formation in the superheating
of colloids has also been exploited to set up a novel
optical switch.?*® The scheme relies on the fact that
the bubbles coalesce into a large one with a large
refractive index change from the surrounding me-
dium.

The bubble formation results in a sharp acoustic
transient,?'®> as detected by piezoelectric measure-
ments and optically, whereas below the bubble
formation threshold, the detected pressure is much
weaker and due to the thermoelastic expansion of the
particles. Furthermore, the use of time-resolved
degenerate four-wave mixing has shown a large
transient change of the refractive index of colloidal
suspensions of carbon irradiated with nanosecond
pulses.??1:222 The amplitude oscillates on a time scale
that is much shorter than the laser pulse width. This
behavior has been associated with the acoustic wave
generated in the fluid “coherently” by the explosive
boiling around the heated particles. Furthermore,
this pressure generation may be responsible for the
“giant” photoacoustic effect observed in the irradia-
tion of carbon colloids,?!” though other explanations,
such as stable gas formation?!” and/or formation of
microplasmas, had been advanced earlier. The bubble
formation around the heated particles has been
treated theoretically. In particular, a recent analyti-
cal study stresses the importance of the pressure,
besides the thermal factor, for bubble formation/
growth.??®> A dependence of the bubble dynamics
(growth rate and size) on the laser pulse width is
predicted, even for times much shorter than the
thermal relaxation time. MD simulations of the
damage effected to the absorbing particle itself at
higher fluences have also been reported.??*
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Absorbing particle suspensions have also been
employed to effect laser ejection and ionization of
macromolecules for mass spectroscopic examination.
In fact, it was the method employed by Tanaka et
al.? in one of the first publications demonstrating the
potential of laser irradiation to effect “soft ejection”
of macromolecules in the gas phase. To this end, the
biopolymers are dissolved in glycerol suspensions of
cobalt nanoparticles (30 nm in diameter) acting as
chromophores. The term SALDI, for surface-assisted
laser desorption/ionization, has been introduced?*® to
differentiate this technique from MALDI. The ad-
vantages of this approach for analytical purposes
include (a) the lack of matrix-related interfering
peaks in the mass spectra and (b) the nearly constant
value of the particle suspension absorption over a
large wavelength range accessible by a variety of
lasers, thereby overcoming the limitation of restricted
wavelength range absorption of matrices. The influ-
ence of the particle size and nature on the ejection
efficiency of macromolecular analyte ions has been
studied?®-220 and has been largely explained by the
different degree of overheating attained for different
particle sizes. Ejection of ions as high as ~30 kDa
has been demonstrated, but there seems to be a
limitation for higher masses. It is likely that this
limitation is related mainly to the ionization step
rather than the ejection process. The present evi-
dence suggests that the ionization process is medi-
ated by the liquid and not by the particles.

In all, the studies on superheating of liquids
adjacent to laser-absorbing substrates has provided
detailed information on the kinetics of nucleation
phase change phenomena that would not have been
amenable through the conventional heating methods.
The use of even shorter laser pulses will provide the
possibility of addressing in more detail the initial
embryo formation and thus the validity of several
tenets of the classical thermodynamic theory of
metastability. Furthermore, the method provides a
convenient experimental approach to study in detail
properties of the superheated liquids, particularly
their photophysical and chemical properties (thus
providing a basis for understanding processes in
other systems, e.g., van der Waals solids, section
11.B.2), and in addition a convenient means of pro-
ducing “controllably” a high-density ensemble of
structures (i.e., bubbles) on the submicrometer/na-
nometer level, with plausible applications in nano-
technology.

B. Absorbing Solutions and Liquids

1. Photoinert Systems: Photomechanical Mechanism of
Material Ejection

Material ejection of absorbing liquids and solutions
has also been studied by techniques similar to those
described in section I11.A [Here the presentation is
limited only to the studies of irradiation of the free
surface of the solutions. A large number of studies,
e.g.,?%6:235236 employing immersed optical fibers or
irradiation of tissues within solutions, are more of a
medical interest and are discussed by Vogel and
Venugopalan in this issue]. For instance, time-
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resolved transmission of a probing beam propagating
parallel to the free (irradiated) surface of the liquid
and laser-flash photography (probing can be conve-
niently performed in the visible range, where the
solutions are transparent) have been employed to
probe processes within the irradiated liquids. Usu-
ally, aqueous solutions with dissolved (photostable)
chromophores such as Orange G at 532 nm (tpuise =
25 ns, o = 50—150 cm™1),231.232 K,CrO,4 at 355 and
248 nm (tpuse &~ 25 Ns, o = 1 x 102-1.7 x 103
cm™1),227.228233.234 NaCl solutions at 193 nm,?'* etc.
have been studied (Figure 18). A noticeable drop in
the transmission through the solution of the probing
beam is observed above a specific fluence of the UV

Figure 18. Sequence of images within the liquid (1st and
3rd row) and above its free surface (2nd and 4th row)
obtained by laser flash photography in the 248-nm ablation
of aqueous K,CrO, solution (o = 55 cm™!). For the
photographs in the left column, Fiaser = 1.2 J/cm?, and for
those in the right column, Fjaser = 1.85 J/cm? (estimated
average temperature increase in the irradiated volume of
15 and 26 K, respectively). Photograph a shows the
initiation and growth of cavitation bubbles in the surface
millimeter layer. The black and white stripe at the bottom
of the photograph is due to the refractive index change
induced by the propagating bipolar pressure wave. Photo-
graph c at 15 us shows the fusion of bubbles into larger
ones (~100—150 um in diameter), while other bubbles have
collapsed (seen as empty spaces between the bubbles close
to the surface). Reprinted with permission from ref 227.
Copyright 1995 American Institute of Physics.
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beam ?27228232-234 Flash photography at various time
delays relative to the ablating laser pulse demon-
strates the drop to be due to the scattering of the
probing light by bubbles growing within the bulk of
the liquid. Importantly, by either technique, bubble
formation at depths well below the optical penetra-
tion depth is demonstrated (e.g., in the 355-nm
irradiation of aqueous K,CrOy4, o = 55 cm™1, maximal
bubble concentration is observed at twice the optical
penetration depth, decreasing to zero only at twice
this length).?27:228 The bubbles grow rapidly over the
first microsecond, with the ones close to the surface
rupturing and resulting in material ejection, while
further material ejection occurs in a second stage
following the expansion, coalescence, and collapse of
bubbles (Figure 18).

The threshold for material ejection is more ac-
curately determined from a change in the acoustic
transients generated during laser irradiation (Figure
19). The measurement relies on the fact that, without

(a)E 0.aS
5 oo
Q
=
%
= 0.05+
<
< 0.00
@ L
2
@ .0.05
2
R
0.10
1
b)~
( ) s 1.5 »
: %
L ]
E 1.0'F
: &
g =
qé 0.5 :.
) o
E e ..UO
= 0.0 —W—"—‘—ft—.——
8 Phase — chan . ". 'f Noise level
2 threshold T
& 04 : o
0 100 200 300 400 500 600

Fluence (mJ/cm?)

Figure 19. (a) Temporal shape of the acoustic pulses
measured by a broadband piezoelectric transducer in the
248-nm irradiation of K,CrQO, solutions (oo = 5.5 x 102cm™1)
for the indicated excimer laser fluences. Reprinted with
permission from ref 233. Copyright 1998 Elsevier Science
B.V. (b) Fiaser dependence of the integrated signal of the
acoustic pulses. Above a specific fluence (ablation thresh-
old), the integrated signal deviates from zero as a result of
the recoil momentum of the ejected plume. Reprinted with
permission from ref 234. Copyright 1998 Springer-Verlag.

mass ejection, the generated pressure pulse in the
medium is bipolar (vide infra) and the time-inte-
grated pressure is zero, whereas with material ejec-
tion, the positive component of the pressure pulse
exceeds the negative one due to the recoil momentum.
On the basis of such measurements, the threshold
for material ejection is indicated®33234 to be somewhat
higher than the threshold for cavity formation. At
any rate, the temperature at the ablation threshold

Georgiou and Koubenakis

is estimated (assuming a one-photon process) to be
well below the solvent boiling point. The absorbed
energy is about 1 order of magnitude lower than the
specific enthalpy of vaporization. Thermal explosion
around superheated micro-inhomogeneities cannot be
invoked to account for material ejection in these
systems. In the case of the homogeneous aqueous
solutions, the average distance between chromophores
(at least for reasonable concentrations) is in the range
of a few nanometers, and thermal diffusion smooths
out any thermal heterogeneities within the typical
nanosecond laser pulse width. Furthermore, the
employed solutes (NaCl, K,CrO,, etc.) have been
demonstrated to be photochemically stable, even after
extensive irradiation. Thus, photochemical processes
such as those considered in section I111.B.2 cannot be
responsible in the present case. Given the very small
thermal diffusion length into water (~0.1 um for t =
1 us), temperature changes below the optical pen-
etration depth can be neglected (at least for moderate
laser fluences), and thus, they cannot be responsible
for bubble formation at these depths. Bubble forma-
tion and the effected material ejection have to be
ascribed to a photomechanical mechanism, i.e., to the
effect of stress-wave generation and propagation in
the bulk of the liquid at ambient temperature.

The photomechanical mechanism and its conse-
guences are described in detail in the article in this
issue by Paltauf and Dyer; thus, only a brief descrip-
tion is provided here. This mechanism relies on the
fact that the rapid laser-induced thermal expansion
causes a pressure rise, given by the product of the
Gruneisen coefficient T' and the absorbed energy
density:?%

1—e? 1—e’
AP = I‘(’*Flaser( 0 ) = pKfcvaFlaser (T)
(18)

where  is the thermal expansion coefficient, cs the
speed of sound, Cy the heat capacity at constant
volume, and «t the isothermal compressibility, and
6 = Tpuise/tacoustic, Where tacoustic 1S the time required for
an acoustic wave to traverse the irradiated volume.
The factor in the parentheses corrects for the reduc-
tion in the stress amplitude due to the wave propa-
gating out of the irradiated volume during the laser
pulse (assumed to have a rectangular time profile).
The stress entails a radially propagating cylindrical
wave, which can be neglected for laser beam diam-
eters substantially wider than the light penetration
depth, and two plane waves counter-propagating
along the laser beam axis (one toward the surface
and the other into the sample). The plane wave that
travels toward the free surface (liquid/air surface)
suffers a change of its amplitude sign upon reflection
from it, due to the acoustic impedance pcs (o is the
density and cs the speed of sound) of the irradiated
medium being higher than that of air. Physically, the
thermal expansion directed into the medium gener-
ates a compression wave, whereas the outward ex-
pansion generates negative stress (rarefaction wave).

The faster the heating, the higher the magnitude
of the stress in the medium, with the ultimate
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efficiency of stress generation attained for heating
times much faster than the time required for stress
to propagate through the irradiated volume. This is
usually expressed as 0Cstpuise < 1 (a is the absorption
coefficient, cs the speed of sound, and zpuise the laser
pulse duration), where the dimensionless parameter
represents the degree of temporal confinement of the
laser-induced stress in the irradiated volume. For
typical excimer nanosecond pulses, this condition is
satisfied for aqueous solutions for oo < 103 cm™1.

The generated bipolar pressure wave propagates
into the depth of the medium without significant
attenuation. If the pressure of the tensile component
is lower than the saturation pressure of the liquid
at a given temperature, the liquid is in a thermally
metastable state under tension, and the vapor-cavity
nucleation is initiated. For amplitudes of the tensile
stress exceeding the critical value balancing the
surface tension, cavity growth occurs, and the con-
tinuity of the liquid is broken. Ablation can therefore
be interpreted in terms of a mechanical “rupture” of
the liquid surface effected by large tensile stress. The
threshold value of the tensile pressure for ablation
from aqueous solutions is found??7:231-234 g be ap-
proximately 1.8—3.6 MPa (the exact value strongly
depending on the existing nucleation sites—trapped
gas bubbles—in the liquid). Rupture of the bubbles
grown close to the liquid surface produces a plume
of vapor and microdroplets. The collapse of the initial
crater and of the large bubbles formed by coalescence
of smaller ones in the depth of the irradiated volume
results in a complex hydrodynamic flow entailing
further ejection of material in the form of liquid
streams (jets) (Figure 18).

Ablation creates sufficiently high recoil stress
amplitudes that convert into so-called “weak shock
waves” upon propagation into the (acoustic nonlinear)
medium. Low-amplitude (not exceeding several bars)
acoustic waves propagate at the speed of sound (1.5
km/s), but higher amplitudes propagate at supersonic
velocities that make the front of the pressure wave
steeper. This evolution is well monitored by flash
photography.??”228 In a medium with acoustic non-
linearity, these shock waves develop after propaga-
tion over a characteristic distance, Lgn:

Ly, A pC, T, /27eP (19)

where p is the medium density, cs is the speed of
sound, 74 is the duration of a transient stress wave,
and P is the pressure amplitude. The formation of
these weak shocks is important for the optimization
of the various implementations of UV ablation, as
they propagate through the substrate and may cause
mechanical deformations'’® at regions relatively far
away from the irradiation spot (e.g., injuries in
tissues, delaminations in painted artworks, etc.).
For irradiation at very high fluences, superheating
will occur in parallel, and material ejection arises
from the combination of explosive boiling and me-
chanical rupture. In this case, material ejection is
indicated to occur in three distinct stages.?33:234
During the nanosecond laser pulse irradiation, no
significant surface deformation or plume ejection is
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observed, despite the high surface temperature rise
to the superheat limit. This delay can be related to
the time necessary for bubble growth. However,
afterward a dense vapor-cavity zone is formed in the
subsurface region due to the explosive nucleation,
accompanied by violent plume ejection. Thus, explo-
sive vaporization is the dominant material ejection
mechanism in the early stage. The vapor-plume
ejection is maintained for a few microseconds. The
surface depression that is caused by the recoil
momentum of the ejected material activates subse-
guently hydrodynamic motion, which results in up-
ward flow and bulk liquid ejection. Thus, the final
stage is dominated by large-scale surface deforma-
tions under the influence of gravity and liquid inertia
acquired by the impact of the ejected mass. This long-
term hydrodynamic motion is not observed in the
case of the spallation-induced material ejection at
lower fluences. In that case, no significant surface
deformation is observed after ~20 us.

2. Photolabile Liquids: Photochemical Mechanism of
Material Ejection

In the previous studies, the absorbing analytes as
well as the solvents are photochemically inert. In the
irradiation of photolabile organic compounds, a “pho-
tochemical mechanism” may also contribute to mate-
rial ejection. This mechanism was advanced*! already
in the very first studies on the UV ablation of
polymers in order to account for the “clean” etching
effected in this case. This result was suggested to be
related to the fact that UV light absorption results
in bond dissociations and the fragments or the small
gaseous photoproducts they form were considered to
expand (requiring a larger volume than the initial
macromolecular structure), thereby causing a pres-
sure rise and ejection of the material. Accordingly,
ablation was suggested to occur above a certain
fluence, at which the bond dissociation rate exceeds
the electronic energy relaxation time or the recom-
bination rate of the produced radicals so as to achieve
a critical number of species (fragments and/or prod-
ucts) (the need to consider rates is introduced in order
to account for the observation that for long enough
laser pulses, volume ejection is not observed):

0Nl t',X
p(t,X)Z‘[(‘)t q abs I’:z;t/ser( )

—R(t'x)|dt" = p,,
(20)

where q is the quantum vyield, oas the absorption
cross section, N the number density of the chro-
mophores, R the rate of any “loss” mechanism, and
per the critical number of radicals/photoproducts that
must be formed to induce material ejection. Since
most of the incident energy is used in bond dissocia-
tions, this hypothesis seems to directly account for
the observed “clean” etching (i.e., little thermal
dissipation and degradation, e.g., melting to the
surrounding area). It is clear that the validity of such
a mechanism would be of profound importance for
the optimization of the implementations of UV abla-
tion. However, despite the large number of studies,
it has proven difficult to obtain conclusive evidence
for this mechanism.
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In the case of complex systems, it is very difficult
to delineate between the various contributing mech-
anisms (i.e., between photochemically induced reac-
tions and thermal decomposition of the weaker
bonds). To address the contribution of photochemical
mechanism in simpler systems, Srinivasan and Ghosh
examined photoproduct formation in the 248-nm
ablation of liquid C¢He.?** A number of different
species (naphthalene, biphenyl, carbon) were detected
in the post-irradiation analysis of the samples. On
the basis of this result, a “pure” photochemical
mechanism was suggested for the ablation of this
system. However, since reactivity may occur/continue
well after material ejection, product formation does
not constitute sufficient evidence to establish the
photochemical nature of ejection. Furthermore, simi-
lar products may be formed by different mechanisms.
For instance, in the 193-nm irradiation of liquid
benzene at fluences higher than ~10 mJ/cm?, prod-
ucts similar to those reported by Srinivasan and
Ghosh were observed.?*? However, in this case, they
are indicated to derive from the thermal decomposi-
tion of the compound due to the much higher tem-
peratures attained (the absorption coefficient of the
compound at this wavelength being orders of mag-
nitude higher than that at 248 nm). In fact, most of
these products are observed?53254 even in the laser-
induced breakdown of the aromatic liquids, though
their formation in this case is mediated via free
electrons, and no electronically excited states are
detected.

Fukumura, Masuhara, and co-workers have re-
ported several comparative studies on the KrF exci-
mer laser (248 nm)-induced material ejection from
organic photolabile liquids, namely neat samples of
Ce¢Hs and its derivatives (CsHsX and CgHsCHX,
where X = CHg, CI), as well as solutions of these
compounds in nonabsorbing solvents (alkanes and
chloroalkanes). The threshold for material ejection
has been established?*3-246 by photoacoustic spec-
troscopy. The first sharp change in the generated
photoacoustic signal as a function of laser fluence
(Figure 20) is verified by shadowgraphic detec-
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Figure 20. Photoacoustic signal amplitude as a function
of the laser fluence in the irradiation of benzyl chloride at
A = 248 nm. Reprinted with permission from ref 243.
Copyright 1994 American Chemical Society.

tion?43-246 of the ejected plume to correspond to the
onset of ablation (the second breakpoint in the figure
may be related to the enhanced scattering of the
incident light by the plume). Most importantly, the
determined ablation thresholds of the neat benzene
derivatives and of their highly concentrated solutions
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(0.6—1 M, o ~ 250 cm™?) do not correlate with the
boiling points of the liquids (Table 6). Accordingly,

Table 6. Laser Ablation Thresholds (4 = 248 nm, zpuise
~ 30 ns) of Aromatic Compounds (at Ambient
Conditions)? (Reprinted with permission from ref
252. Copyright 1996 American Chemical Society.)

liquid Finr (MJ/cm?)  a(ecm™) T (K)  bp (K)
benzene 100 2100 410 353
chlorobenzene 60 1900 370 405
toluene 35 2400 350 383
benzyl alcohol 60 ~1900°  ~350 478

~2200°  ~340 452

a Fur, threshold laser fluence; a, absorption coefficient; Tinr,
estimated surface temperature at threshold (T = Fin/oCe,
where p is density and Cp specific heat); bp, boiling point.

benzyl chloride 30

the authors relate the 248-nm-induced material
ejection from these systems to the photochemical
activity (8-bond cleavage efficiency) of the com-
pounds: CeHsCH3 with a high quantum photodisso-
ciation efficiency having the lowest threshold, and the
photochemically inactive CsHg having the highest.

CHCH,X ™ CHCH, + X (21)

The suggested radical formation has been con-
firmed by time-resolved luminescence and absorption
spectroscopies.?*® An absorption band around 320 nm,
which can be ascribed to benzyl radical, is observed
for all examined systems. Chain reactions of these
radicals are likely responsible for the photoproducts
observed by Srinivasan and Ghosh.?*! Time-resolved
absorbance of the incident UV light is found to be
nearly constant during the laser pulse. It is thus
suggested that one-photon absorption occurs mainly
by chromophores, which subsequently undergo ef-
ficient fragmentation. The radical concentration is
estimated to be ~0.05 M at the threshold for all neat
liquids and ~0.006 M for the highly concentrated
solutions. In fact, it is somewhat smaller for alkyl-
benzene derivatives and somewhat higher for the
benzyl compounds (the difference ascribed to the
different viscosity of the solvents). This indicates that
a critical number of species/fragments must be pro-
duced for material ejection to occur. The authors
suggest that the small radicals (H, Cl, CH3) produced
by reaction 21 form gaseous products that induce a
volume increase (estimated to be ~20%), leading to
material ejection. The time necessary for the forma-
tion of these products may be responsible for the
delayed material ejection in the UV laser irradiation
of these liquids. Indeed, at the threshold, material
ejection (plume development) was detectable by laser
shadowgraphy nearly 100—500 ns after the laser
pulse (for ambient pressure), and only at very high
fluences is ejection observed to be initiated during
the laser pulse.

In contrast, observations differ significantly for
low-concentration solutions (0.06—0.1 M, a ~ 25
cm™1) of the aromatic compounds. In this case, the
ablation thresholds are about twice the ones for the
high-concentration solutions.?*® This difference could
be presumed to be simply due to the lower absorption
coefficient of these solutions. However, this cannot
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be the only factor, since the ablation threshold of the
dilute solutions is found to scale with the boiling
point of the solvent, whereas no such correlation is
found at high solute concentrations. Furthermore, the
delay in the jet-ejection onset with respect to the
ablating laser pulse, as established by laser shad-
owgraphy, is shown?*® to be related to the absorbed
energy density, ranging from ~2 us close to the
threshold down to a few tens of nanoseconds at much
higher fluences. Similar dependences of the jet-
gjection onset times on absorbed energy are observed
for each solvent independently of the employed
absorbing solute. Thus, ejection dynamics appears to
be regulated by the solvent and not by the solutes.
In parallel, the luminescence spectra of the solutes
are found?*>-247 to become unstructured and broader
with increasing delay time between pump and prob-
ing beams and with increasing pump fluence. These
spectral changes are consistent with those expected
for highly vibrationally excited/heated molecules. The
spectral broadening precedes the onset of material
ejection, thereby providing strong evidence that the
liquid is heated prior to the jet development. Material
ejection is indicated to initiate at the ambient boiling
temperatures of the solvents (i.e., regular boiling),
taking on the character of the explosive boiling at
higher fluences (the exact estimation of the attained
temperatures depends on the extent of multiphoton
processes that take place in the irradiation of these
systems, as described in section 111.C).

On the basis of the previous results, the authors?#®
suggest the mechanism of material ejection from the
solutions of the benzene derivatives to switch from a
photochemical to a thermal one with decreasing
concentration of the photolabile solute. Evidently, it
is assumed that the amount of radicals and of volatile
products that is formed with decreasing photolabile
solute concentration becomes insufficient to result in
material ejection, and as a result, a thermal mech-
anism takes over. Though this is a very attractive
delineation of mechanisms, it must be noted that the
photomechanical mechanism described in section
I11.B has not been considered in detail. Given the
strong evidence for the importance of the laser-
induced stress to effect “cold” ablation of solutions,
the argument that estimated temperatures at thresh-
old are lower than the boiling point (Table 6) is
inconclusive for a photochemical mechanism. It is
plausible that a combined contribution of the two
mechanisms is involved. Examination of the laser-
induced stresses and cavity formation in the irradia-
tion of these systems would be useful in addressing
this point further.

Insight into the role of photochemical processes in
laser-induced material ejection has recently been
provided by MD simulations®’ (in fact, performed for
van der Waals films). These simulations have shown
that the energy liberated by exothermic reactions can
contribute to reaching the critical energy for material
ejection (E¢ in eq 6). Additionally, the formation of
photoproducts with weaker intermolecular interac-
tions lowers the cohesive energy of the system,
thereby facilitating further material ejection. In the
framework of nucleation theory, it may be considered
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that “volatile” photoproducts serve as nuclei to pro-
mote heterogeneous bubble formation and growth
(i.e., enhanced J in eq 15). In view of these results,
it is important to examine in the photolabile organic
liquids whether material ejection is due to photo-
product-induced volume expansion (i.e., as usually
presumed by simple photochemical models) or to the
energy released by exothermic reactions resulting in
explosive boiling (e.g., as suggested by the MD
simulations®®?).

Itis interesting that, in the two cases that the same
compound has been studied in both liquid and solid
phases, discrepancies are noted in relation with the
observed products. The naphthalene and biphenyl
species observed?*! by Srinivasan and Ghosh in the
248-nm ablation of liquid Cs¢Hs have not been de-
tected?® in the corresponding study on condensed
CsHe films. On the basis of this result, Buck and Hess
guestioned the validity of the suggestion of Shrini-
vasan and Ghosh?*! for the photochemical nature of
UV ablation of C¢Hg (section 111.C.). In the ablation
of condensed C¢HsCHj3 films, no products have been
detected*’ (at least for moderate fluences above the
threshold), thus indicating a very low photolysis
efficiency of condensed CgHsCH3.4” This sharply
contrasts with the efficient radical formation detected
in the irradiation of the liquid.?*>252 Several plausible
reasons for these discrepancies can be advanced, but
there is no direct experimental evidence. A system-
atic comparison of photoproduct formation according
to the phase of the substrate is evidently required in
order to get further insight into the chemical pro-
cesses in UV ablation. This comparative study is also
needed to assess the extent to which results on
photochemical processes in liquids are extrapolable
to the ablation of polymers and tissues. [In the case
of polymers, an initial study has reported a number
of interesting differences in the material ejection
dynamics according to the state of the substrate.?5%]

Studies on the femtosecond-induced material ejec-
tion from the above photolabile liquids have also been
reported. Hatanaka et al. have relied®*®?52 on time-
resolved absorption spectroscopy to study processes
in the irradiation of aromatic liquids with femtosec-
ond pulses (248 nm, ~300 fs). In the irradiation of
CeHsCH,CI liquid at low laser fluences (<15 mJ/cm?),
an absorption band ascribable to the benzyl radical
is already intense 10 ps after the pump pulse,
suggesting a very fast predissociation of benzyl
chloride upon a one-photon excitation. Upon irradia-
tion at higher pump laser intensities, a significant
drop in the transmittance is additionally observed at
times >1 ns. High-resolution surface-scattering im-
aging®?° reveals the liquid surface to remain nearly
flat in the first nanosecond, while enhanced surface
roughness is indicated after this time. Assuming
similar detection limits, the ablation threshold is
indicated to be nearly equal for the nanosecond and
femtosecond laser pulses. This sharply contrasts with
the predictions of photomechanical models and of
molecular dynamics simulations® for a decrease of
the threshold upon irradiation with femtosecond
pulses. The authors suggest that the invariability of
the threshold in the C¢HsCH,CI system indicates the
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operation of a photochemical mechanism similar to
that suggested in the nanosecond case.?*?

On the other hand, in the corresponding femtosec-
ond irradiation of liquid toluene, the ablation thresh-
old is reported?? to be lower than that of CsHsCH,CI,
whereas the opposite trend is found in the corre-
sponding nanosecond examination of the two com-
pounds.?*? Furthermore, the benzyl radical in the
femtosecond irradiation of CsHsCH; liquid could not
be detected, even at the highest examined fluences,
whereas the radical is efficiently produced in the
corresponding nanosecond process. To account for
this difference, the benzyl radical in the case of
toluene is suggested to be formed via a secondary
photon absorption by the triplet state. This process
is likely in the irradiation with nanosecond pulses
but, of course, not in the case of femtosecond pulses.
Concerning ablation of toluene, it is suggested that
ablation with femtosecond pulses must be photother-
mal in nature. However, clearly, there are many
aspects that must be examined before even a basis
for understanding femtosecond-induced material ejec-
tion can be formulated.

C. Optical Processes in the Irradiation at High
Irradiances

Evidently, optical processes constitute the first step
preceding any of the material ejection processes
described in the previous sections. The reason for
placing this section last is the limited information
on the issue. Changes in the optical properties of
liquids upon superheating can be expected, since
their density decreases®?>52 with increasing degree of
superheating. The consequent change in intermo-
lecular interactions can affect strongly the electronic
states. However, as the following studies indicate,
there are additional, dynamic processes that become
significant in the irradiation at high fluences.

Upon superheating at high energy densities (=600
J/lcm? for a in the range of 825—11 500 cm™1), the
surface reflectivity of aqueous K,CrO, solutions is
observed to decrease sharply in the later part of the
incident nanosecond laser pulse (pulse “truncation”)
(A = 248 nm).?% Pump—probe experiments employing
two different wavelengths indicate that this decrease
is not due to scattering of the incident light by the
ejected plume. Thus, the pulse truncation must be
ascribed to a sharp decrease of the refractive index
of the liquid in the later part of the incident laser
pulse. Nikiforov et al.?®® suggest that the decrease
reflects the highly reduced density of the overheated
H,0 solvent. On the other hand, the 193-nm absorp-
tion coefficient of superheated H,O is indicated?®’ to
be nearly 5 orders of magnitude larger than the room-
temperature absorption value. In these experiments,
a Q-switched Er:YAG laser is employed to heat H,0,
while the absorption at 193 nm is probed 300 ns
afterward. The increase has been ascribed to the
blue-shifting of the UV absorption spectrum?3® of the
overheated liquid due to the disruption of the hydro-
gen bond network of H,O. In contrast, Longtin and
Tien?*0 ascribe the optical changes that are induced
in the irradiation of H,O at 266 nm (I = 1.0 x 10—
2.0 x 10%° W/cm?) to the ejected electrons and the
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OH radicals formed by the photoionization and the
photodissociation of H,O. The hydrated electron
absorbs strongly throughout the near-IR, visible, and
UV regions (a 7—10 orders of magnitude increase of
the absorption coefficient). Longtin and Tien sug-
gested that these optical changes can be taken
advantage of in applications by coupling irradiation
at 266 nm with wavelengths in the visible (e.g., 532
nm).

Fukumura, Masuhara, and co-workers have re-
ported particularly detailed studies on the issue of
electronic excitation processes in the irradiation at
high UV laser irradiances. Time-resolved absorption
and luminescence spectroscopies have been used to
probe the dynamics of electronic excitation and de-
excitation in the ablation process. In the irradiation
of organic chromophores in nonabsorbing solvents
(Table 5), they note?*>247.248 that, for some of the
employed chromophores (biphenyl or phenanthrene),
the internal conversion from the excited S; state has
a very low quantum yield to account for the indicated
efficient heat generation. Furthermore, the total
fluorescence intensity as a function of laser fluence
saturates close to the threshold, indicating that a new
channel of the S; state deactivation opens up. In
parallel, in the irradiation of the low-concentration
solutions, the time-resolved absorbance is found to
increase during the excitation pulse.?*> A plausible
explanation was advanced on the basis of “a cyclic
mutiphotonic absorption process”. According to this,
the absorbing solutes and/or the benzyl radicals
produced by the photolysis of the photolabile solutes
absorb further photons to higher electronic states.
Alternatively, higher electronic states may be formed
via annihilation of S; excited molecules. Deactivation
of these A*(S,) states occurs extremely fast (~pico-
second) and provides a way to rapidly convert the
absorbed energy into heat. Following deactivation,
the recovered A*(S;) can participate in subsequent
excitation/de-excitation cycles.

A+ hv — AX(S))
AX(S,) + hv — A%(S.) — A*(S,) + heat
AX(S,) + AX(S,) — A*(S,) — A*(S,) + heat (22)

Their results appear to be analogous to those
reported in the irradiation of van der Waals films,%-71
and also closely related to the previous changes in
optical properties noted upon superheating of aque-
ous solutions.?¥7-23%° |ndeed, the group has demon-
strated that similar annihilation processes may be
most important also in the ablation of doped poly-
mers.

Despite their limited number, these studies are
most important because they clearly illustrate that
photophysical properties of highly heated liquids may
differ significantly from those under equilibrium
conditions, and they demonstrate the importance of
taking into account these changes for the quantita-
tive understanding of the processes in the laser-
induced material ejection processes. To this end,
further studies must establish the exact conditions
under which these processes become important.
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IV. Applications

In this section, applications of the ablation of
molecular solids and liquids are presented. To avoid
extensive overlap with other articles in this issue and
other reviews, the discussion highlights a few specific
directions, rather than trying to provide an exhaus-
tive list of the many different applications (described
in detail in refs 1, 5-7).

A. Cryogenic Films-Based Techniques

Cryogenic films are finding increasing use in both
analytical and material-processing applications. In
the first case, laser-induced material ejection from
frozen aqueous solutions has been always of interest
because of the widespread occurrence of H,O in the
environment, in tissues, etc. However, the transpar-
ency of H,O in the visible and UV regions has limited
work on the ablation of frozen aqueous solutions. On
the other hand, the high absorptivity of H,O in the
IR and the recent availability of convenient and
reliable lasers in this spectral range have resulted
in renewed interest in these systems. Besides studies
on the potential of MALDI,*3106107.256-258 the |R-
induced material ejection has been exploited for the
characterization and monitoring of processes in ices
in relationship with atmospheric studies.36:259.260

The ablation of frozen solvent/biopolymer systems
has also been demonstrated as a convenient tech-
nique for the ejection and subsequent deposition of
novel microstructure formation, as discussed by
Chrisey et al. in this issue. Leong!922112113261 fjrst
advanced the potential of using laser-ablated beams
to study collisional and reaction dynamics of hyper-
thermal species. Harrison and Polanyi?®? presented
a theoretical analysis of the feasibility of using
crossed ablated beams to this end. The use of laser-
ablated beams for such studies can meet a significant
need, since except for seeded beams and photolytic
sources, there are no other convenient ways to
produce high-flux jets of hyperthermal neutral mol-
ecules/atoms. An extra advantage of the use of
ablated beams accrues from the capability to vary the
desorbate translational energy conveniently via the
laser irradiation parameters (laser fluence, forward
or backward irradiation, etc.). Experimentally, this
potential has been exploited to study the dependence
of the etching process of Si on this parameter.
Hyperthermal Cl, (Exin up to ~6 eV) is shown!*? to
etch Si >30 times more efficiently than thermal Cl..
For practical applications, etching may be further
enhanced by using higher fluences to increase the
Cl fragment concentration and/or by applying an
external electric field to enhance ionic formation in
the ejected plume.’®? Enhanced oxidation of Si is
also demonstrated by ablated hyperthermal Oj;
beams.279v28°

The advantages of high-flux beams of radical/
reactive species produced in the UV ablation of
photolabile cryogenic films can be particularly useful
for the processing of substrates. The use of laser-
ejected reactive plumes for this purpose presents
versatility and can complement plasma techniques.
The beams of high-purity reactive fragments that are
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produced in the UV ablation of FPA/Ar condensed
films (Table 5) have been used for the chemical
surface modification of aromatic polyester, alkylthiol,
poly(ethylene terephthalate), etc.?®! The treatment
results in the fluorination of the polymer surface,
which thus becomes hydrophobic and chemically
inert.?8 Silylation of polymer surfaces has been
effected with the plume produced in the ablation of
frozen silanes.?%®> Surface nitridation of carbon and
silicon substrates is effected by using the reactive
nitrogen plume produced in the ablation of N
fi|ms_2747276

Irradiation of frozen systems can also be used for
the deposition of new materials, thereby widening the
choice of target materials that can be used for pulsed
laser deposition. SiC and CN films have been pre-
pared, respectively, by ablation of CH, on Si and co-
ablation of frozen CH4/N; targets.?’® Diamond-like
carbon films have been deposited by ablation of
frozen CH, and CO, on graphitic carbon,?”®> ac-
etone,?’%272 or acetylene.?’® Ablation of these com-
pounds results in the efficient production of CHy
species, which are known to play an important role
in diamond synthesis. Amorphous diamond-like films
of a high electrical resistivity (>10° Q-m) with a
~40% sp® fraction are produced. Some debris is
observed (for deposition at Tgep &~ 200 °C), probably
due to droplets ejected from the frozen target (re-
lated to the mechanisms discussed in section
11.B.2). Deposition at higher substrate temperatures
(Taep ~ 300 °C) results in the vaporization/disin-
tegration of these droplets and in the formation of a
very high quality film. No films could be produced
in the irradiation of CH3;OH films, probably be-
cause the abundant oxygen radicals (detected opti-
cally in the plume) react with the deposit. Pulsed
laser deposition has been used extensively for a
number of larger organic molecules (i.e., not cryo-
genic films) with excellent results. For instance, thin
films of pentacene deposited by ablation at 248 nm
exhibit reduced surface roughness and increased
electrical conductivity as compared to films grown by
conventional thermal evaporation.?® Liquid crystal
mixtures have also been transferred to a target
while retaining the original composition.?”” Novel
electroluminescence molecules were ablated and
deposited for electroluminescence device prepara-
tion.?’8 In this case, because of the photolabile nature
of the end groups of the molecules, the fluence must
be carefully optimized to avoid photodecomposition.
Deposition methods and mechanisms are discussed
in further detail in the article by Chrisey et al. in
this issue.

B. Liquid-Based Applications
1. “Steam Laser Cleaning” Technique

The studies on laser-induced superheating of lig-
uids presented in section IIl.LA have largely been
motivated by the potential of so-called “steam laser
removal” of submicrometer particulates from sur-
faces. Due to the ever-decreasing device size, cleaning
micrometer and submicrometer particles from sur-
faces has become a strong need in lithography,
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microelectronics, telecommunications, etc. Particu-
lates of this size adhere with relatively strong force,
van der Waals force being the dominant one for
submicrometer particles [in which case the force is
proportional to ARparticie/872%, Where z represents the
separation between the particle and the surface, and
A is a constant in the range of a few (1—10) electron-
volts, depending on the nature of particle/substrate
material(s)], whereas electrostatic force becomes
important for larger ones.?°2287 Because the adhesion
force is proportional to the particle radius, whereas
the cleaning force is usually proportional to the
surface area or volume [i.e., inertial force m(d?x/dt ?)
O R3(d?x/dt?)], the acceleration necessary to effect
ejection scales as R™2. As a result, conventional
removal techniques such as ultrasonic, plasma clean-
ing, etc. become ineffective for micrometer and sub-
micrometer particles.

By comparison to conventional techniques, laser
irradiation has been shown to have high potential
as a solution to this problem.?°2 Laser-induced re-
moval of the contaminants can be effected via either
direct absorption of the laser light by the particles
and/or the substrate (“dry laser cleaning”) or the prior
application of a liquid film (“steam cleaning”). The
particle removal can be followed by either optical
microscopic examination or the scattering via the
particles of an incident probing laser beam. Usually,
“steam cleaning” is effected with strongly absorbing
substrates and liquid films that are transparent at
the incident laser wavelength, though the feasibility
of CO; laser radiation in combination with (absorb-
ing) water films has also been examined.?® Typically,
water mixed with 10—20% alcohol (to improve sub-
strate wetting) is applied in a few tenths to several
micrometers thickness (the optimal film thickness
has not thus far been specified, though evidence
suggests that this parameter may be important for
the efficiency of the technique). A range of different
particulates, such as those of Au, SiO,, Al,O3, Fe,03,
Si, polystyrene, debris, etc., are demonstrated to be
efficiently removed from substrates such as Au, Mo,
Si wafers and membranes, polyimide photoresist
films, polymers, etc. (Figure 21) with 248-nm exci-
mer-laser radiation.?87-289.2952% The important result
of these studies is that the laser cleaning efficiencies
are much higher than those in dry cleaning. This
permits the use of lower laser fluences, which is
particularly important for heat-sensitive substrates
or for particles that can melt. It is noted also that
the steam-laser technique differs distinctly from the
usual liquid-removal/dissolution methods, since the
applied liquid film is nearly completely evaporated
upon laser heating and thus its penetration in the
substrate is minimized.

The process has been studied for well-characterized
spherical polymer and silica particles of different
diameters (~ tens of micrometers to 100 nm) on Si
(A = 532 nm, tpuse & 7 ns) (Figure 21). The depen-
dence of the cleaning efficiency on the number of
laser shots, Njaser, can be approximated by H(Njaser)
~ 1 — (1 — n)Nwser, where  represents the cleaning
efficiency for a single pulse (the formula assumes
identical isolated particles). In practice, deviations
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Figure 21. Laser steam cleaning efficiency as a function
of laser fluence (A = 248 nm) for polystyrene spheres of
various sizes and for SiO, and Al,O3; particles on Si
substrate (20 cleaning steps have been applied). A film
consisting of 90% H,0 and 10% 2-propanol is applied in a
well-controlled (200—400 nm) thickness. The results clearly
indicate a material and size-independent removal threshold
and a steep increase of the removal efficiency with increas-
ing laser fluence. Reprinted with permission from ref 288.
Copyright 2000 Springer-Verlag.

are usually observed and may be ascribed to the
different cleaning threshold fluences for particles of
different sizes, to the surface roughness of the
substrate, etc. Applying typically 10—20 pulses, ef-
ficiencies from 10—50% up to 40—90% are observed
until finally they saturate with a higher number of
pulses. At least for submicrometer particles, a sharp,
well-defined threshold for removal is demonstrated?®”
which is independent of the particle shape and
material, though for larger particles, removal ap-
pears?8929 to require lower laser fluences. The par-
ticle removal threshold is shown to correlate with the
onset of vaporization.?®”-2%0 Thus, the particulate
detachment is related not to the high pressure
associated with the critical conditions of the liquid
but to the high-amplitude pressure wave which is
generated by the fast-growing bubbles (section I11.A).
For micrometer-sized particles, the acoustic tran-
sients result in large enough accelerations (108—10°
m/s?) to effect the detachment of the particles, which
are subsequently carried away by the ejected high-
speed jet stream. Theoretical models of the removal
process have been reported,?®*292 put several experi-
mental observations remain to be accounted for in a
satisfactory way. At any rate, the induced tempera-
ture and acoustic transients are short enough that
no damage or deterioration is induced to the rela-
tively robust solid substrates. For shorter laser pulses
(30 ps, 4 = 583 nm), an even lower threshold is
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indicated.2® The decrease in the threshold has been
tentatively related to the lower conduction heat losses
in the metallic/Si wafer, and thus more efficient
heating of the liquid.?®3

The use of “steam laser cleaning” has also been
examined in relation with the removal of coatings.
Oxide coatings from metallic and semiconductor
substrates can be removed, with the removal ef-
ficiency increased further via electrochemical poten-
tial application.?®* This enhancement appears to
result from an increase in the absorptivity of the
coating. Organic coatings can also be removed from
a variety of substrates, including painted art-
works. In this case, however, the use of liquid on
the highly sensitive organic/painted surfaces may
have deleterious side effects, and we have advocated
the potential of the “dry cleaning” process, in-
stead.l°v85'86

2. Liquid-Assisted Material Processing and Nanostructure
Formation

A different application concerns the laser irradia-
tion of absorbing solutions for the etching/structuring
of transparent or hard-to-process substrates such as
silica,?63264.268 calcium fluoride,?®® fluoropolymer
films,?87 etc. To this end, a thin layer of strongly
absorbing solution is spread on the material to be
processed, and irradiation is performed through the
transparent substrate (laser-induced backside wet
etching, LIBWE).?67:268.283 |t s suggested that the
liquid is highly overheated via cyclic multiphotonic
processes (section 111.C). The highly heated vapor of
high presure that is formed close to the interface
attacks the softened surface of the substrate and
results in material removal.?67:268 The importance of
the liquid overheating has been directly shown
recently for the case of a (transparent) liquid layer
applied on an absorbing substrate.?®® A substantial
reduction (by 20—40%) of the ablation threshold and
augmentation of the ablation efficiency of the sub-
strate were observed at fluences at which liquid
explosive vaporization is initiated. The rapid subse-
guent cooling prevents damage to the bulk. The
method overcomes most drawbacks of alternative
laser-processing schemes of such materials, presents
the advantages of simplicity and of one-step process-
ing in ambient conditions, and may thus be useful
for mass production/processing.

There is an increasing number of reports on novel
material formation and, in particular, formation of
nanostructures via the laser heating of absorbing
surfaces immersed within liquids or of appropriately
prepared absorbing solutions/colloids. Various forms
of carbon, including amorphous diamonds films, have
been deposited from simple aromatic compounds
(benzene, toluene, cyclohexane, etc.) at a laser-heated
solid—liquid interface.?82284 Cr,03 has been deposited
in the irradiation of aqueous CrO;. Au?*® and
Ag?%6:299300 nanoparticles have been prepared via
ablation of corresponding targets in water by a Cu
vapor laser (10—20 J/cm?). The metal nanoparticles
obtained upon solvent evaporation are disk-shaped,
with a 20—60-nm diameter. The laser-prepared Ag
colloids have been shown to be useful for surface-
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enhanced Raman spectroscopy (SERS), and in fact
their activity is comparable or even superior to that
of chemically prepared systems.2%%300 The approach
overcomes the problems of particle contamination
and of limited stability that are encountered in the
use of chemically prepared colloids. Furthermore, the
colloids can be prepared in the presence of solutes
and can be used directly for the SERS examina-
tion.?9%:3%° The reduction of cytochrome ¢ by such
colloids has also been examined.3°! Cu particles have
been prepared by ablation of CuO powder within
2-propanol at 1064 and 532 nm.3%? Most interestingly,
the colloids obtained in the 1064-nm irradiation are
stable under aerobic conditions even without the use
of protective agents, whereas the corresponding col-
loids prepared by chemical approaches are highly
unstable toward oxidation. The difference has been
tentatively ascribed to the somewhat higher size and
more perfect spherical shape of the particles produced
by the laser method. Dispersed micrometer-sized
powders of aromatic hydrocarbons and phthalocya-
nines in poor solvents are fragmented upon excimer
laser irradiation, and as a result the initially turbid
solutions become transparent ones, composed of
~100-nm particles.3%

A phenomenological model of the growth of the
nanostructures has been described,?72% but the
fundamental mechanisms of their formation remain
to be elucidated. It appears likely that the very fast
vaporization of the liquid adjacent to the absorbing
units plays a critical role in the process.?®2-284 The
very high transient pressures, temperatures, and
vapor densities attained certainly affect crucially the
decomposition/reaction processes and the kinetics of
aggregation for the formation of the clusters. The
subsequent fast cooling of the bubble products may
be responsible for the formation of the indicated novel
metastable forms. At any rate, despite the present
mechanistic uncertainties, several advantages of
laser ablation over other techniques for nanostruc-
ture preparation are clear: a chemically “clean” prep-
aration (i.e., reduced byproduct formation, simpler
starting materials, no need for catalyst, etc.), the
possibility of producing material forms that may not
be attainable by milder preparation methods, and a
high degree of control over the size and properties of
the produced structures via appropriate selection of
irradiation parameters (wavelength, fluence, repeti-
tion rate, etc.). The degree of control afforded by the
laser method has been indicated in a number of cases.
Particle size is generally observed to decrease with
increasing number of laser pulses.?%72%8:304 Control
over the average particle size and size distribution
via laser wavelength has also been indicated for Ag
nanoparticle formation in H,O (for instance, irradia-
tion at 1064 nm results in particles of ~30 nm mean
size, whereas at 355 nm, their mean diameter
decreases to ~10 nm).3%* These effects seem to be
related to the extent of fragmentation of the nano-
particles induced by self-absorption (i.e., absorption
of the incident laser light). Further control has been
obtained by employing solutes?98:3%> which may coat
or react with the surface of the clusters, thereby
limiting their agglomeration.
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The previous examples clearly indicate the poten-
tial of irradiation of liquids/solutions at high laser
irradiances for highly innovative processing and/or
material production schemes that may turn out to
be of very high and widespread impact in various
fields and, in particular, in nanotechnology.
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