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Laser ablation of bicomponent systems: A probe of molecular ejection
mechanisms
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A combined experimental and molecular dynamics simulation study of laser ablation of a model
bicomponent system with solutes of different volatility provides a consistent picture of the
mechanisms of material ejection. The comparison of the ejection yields shows that there are two
distinct regimes of molecular ejection, desorption at low laser fluences, and a collective ejection of
a volume of material or ablation at higher fluences. Ejection of volatile solutes dominates in the
desorption regime, whereas nonvolatile solutes are ejected only in the ablation regime. ©2001
American Institute of Physics.@DOI: 10.1063/1.1353816#
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Material ejection from organic solids due to laser irr
diation has important applications including those in m
spectrometry@matrix assisted laser desorption ionizati
~MALDI !#,1 thin polymer film deposition~matrix assisted
pulsed laser evaporation!,2 and dry image production~laser
ablation transfer!.3 Although the fundamental events in
volved are complex, there is a consensus developing am
experimental and theoretical efforts as to the nature of
material removal processes. In particular, the results of
molecular dynamics~MD! simulation studies4–6 predict the
existence of two distinct regimes of molecular ejectio
namely desorption at low laser fluences and ablation
higher fluences. This prediction is supported by MALD
experiments7 of yields of ionic analyte molecules and neutr
matrix molecules vs fluence that indicate entrainment
large molecules only above the ablation threshold8,9

calculations4–6,10 and experimental data on cluster distrib
tions vs fluence;11,12 photoacoustic measurements;13 and ab-
lation studies of photoproducts.14,15

Further progress in the mechanistic understanding of
ser ablation/desorption can be obtained from a direct c
parison of experimental and simulation results for carefu
designed systems. In this communication, we present the
sults of a combined experimental and simulation study
laser interaction with bicomponent molecular solids desig
specifically to probe the mechanisms of material remov
Experiments are performed on several systems consistin
toluene, C6H5CH3, an UV-absorbing compound, as th
dominant component~the matrix! and of a nonabsorbing
compound as the second component~solute!. We have cho-
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sen to discuss in this letter two solutes, dimethyl eth
(CH3)2O, and decane, C10H22, that are more and less vola
tile than toluene, respectively, thus ensuring that relative
sorption yields give a clear indication of the mechanisms
material ejection. For convenience, we refer to the two s
utes as volatile and nonvolatile although only their volatil
relative to toluene is important. Using electron impact io
ization, the amount of each neutral component in the ejec
plume from the corresponding mixtures is quantitative
measured.

The experimental setup is described in detail el
where.14,16Briefly, solids~;50 mm thick! are grown by con-
densation of introduced gases on a suprasil substrateT
'100 K. The solids were irradiated by the weakly focus
(2310 mm2) output of a KrF excimer laser~Lambda-
Physik EMG150,l5248 nm,tpulse'30 ns!. For the dimeth-
ylether system, the signals are generally probed on a pu
to-pulse basis, but at low fluences~,70 mJ/cm2), averaging
over 10 pulses is necessary for good quality spectra. For
decane system, each point in the spectrum for fluences be
250 mJ/cm2 is an average over 5–10 pulses. For the intens
determinations, corrections for the transit time of the io
through the mass spectrometer and for ionization efficie
of the neutral molecules have been discussed previousl
Ref. 14.

All substances~Aldrich! are of high purity~99.5% or
better! and are further distilled. Samples are prepared by p
mixing of the vapors in a tank. To ensure a good signal-
noise ratio in the detection, a molar concentration of sol
of 17% ~1:5 ratio! was employed.

The MD simulations of laser ablation of organic solid
are performed using the breathing sphere model that is
scribed elsewhere.8 The essential feature of the model is a
internal breathing mode for maintaining reasonable rates
energy transfer from the absorbing molecule to its neighb
The solute molecules are introduced and homogeneo
mixed with matrix molecules at a 10% concentration. T
mass of all the molecules is 100 Daltons.
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Adjusting the well depth of the intermolecular pair p
tential controls the volatility of the solute molecules.8 For the
volatile and nonvolatile solutes, the binding energy of t
solute molecule in the matrix is 0.45 and 0.92 eV, cor
sponding to an average cohesive energy of the system
0.57 and 0.66 eV/particle, respectively. The laser irradiat
of 248 nm is deposited into the kinetic energy of the inter
vibration of molecules chosen randomly following a Bee
law absorption probability. The size of the system~10310
3180 nm!, the laser pulse width~150 ps! and penetration
depth~55 nm! are chosen to be the same as used in a stud
which extensive comparisons were made to UV MALDI e
perimental results.5,6,17

The yields of molecules ejected from th
(CH3)2O/C6H5CH3 and C10H22/C6H5CH3 mixtures upon
laser irradiation at 248 nm are shown in Fig. 1. These t
sets of data represent the range of results obtained for a n
ber of different solutes.18 Qualitatively, at low fluence the
yield of molecules in the plume is low. As the fluence i
creases, there is threshold for ablation denoted by a s
increase in yield.

In order to highlight the effect of volatility on the effi
ciency of molecular ejection, the data of Fig. 1 are replot
in Fig. 2~a!. Given are the percent concentrations of the s
utes in the plume versus fluence. Clearly, in the low flue
regime, the plume from the (CH3)2O/C6H5CH3 system has
an abundance of the volatile (CH3)2O molecules. A similar
observation was made previously in the study of
c-C3H6 /C6H5CH3 system.14 In contrast, there is hardly an
solute desorption at these fluences in the case of
C10H22/C6H5CH3 mixture. Above the corresponding abla
tion thresholds, both volatile and nonvolatile species
ejected efficiently.

The results of the simulations are presented in a sim
form in Fig. 2~b!. The computational results qualitative

FIG. 1. Experimental desorption intensities for the~a! (CH3)2O/C6H5CH3

systems and~b! C10H22 /C6H5CH3 as a function of laser fluence. The erro
bars represent 2s, as determined from five different measurements. T
vertical lines indicate the approximate position of the ablation threshold
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agree with the experimental observations and show the
ference in desorption intensities and ablation thresholds
the systems with volatile and nonvolatile solutes. Althoug
full discussion of the relative values5,6 of the fluence thresh-
old for each curve is beyond the scope of this letter, both
experimental and calculated values show that the abla
thresholds vary with cohesive energy in the system. Qua
tatively, the fluence values in the simulation differ by a
order of magnitude from the experimental ones due to
ferences in the optical penetration depth, specific h
capacity,5 no reflection losses in the simulations, etc.19

The presence of two mechanisms of material ejection
evident in the data given in Fig. 2. For th
(CH3)2O/C6H5CH3 system, the solute dominates the plum
at low fluences, even though its concentration in the origi
film is only 17%. As shown in earlier experiments20 and
simulations,21 the molecules are ejecting from a liquid stat
The high concentration in the plume can be explained by
volatile solutes diffusing toward the surface and desorb
more easily than the matrix molecules. The higher sol
desorption concentration in the experiment@Fig. 2~a!# than in
the simulation@Fig. 2~b!# may be attributed to the differenc
in the irradiation conditions. Longer pulses and multipu
irradiation protocols used in the experiments are expecte
promote the diffusion and desorption of the volatile mo
ecules. The high cohesive energies of nonvolatile solutes
sult in their negligible desorption at low laser fluences
both experiment and simulation@Fig. 2#. In contrast to the
desorption regime, efficient ejection of the solutes in the
lation regime is observed reflecting the volume ejection
ture of ablation.5,6

The experimental yield of decane in the ablation regi

FIG. 2. Concentration of volatile and nonvolatile solutes in the plume
laser fluence from~a! mass-spectrometric measurements and~b! molecular
dynamics simulations. The horizontal lines indicate the initial concentra
of solutes in the sample.
t to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp



g.
e
as
-
ad
-

t
to
on

n
m
of
ar
th
th
r

ar
ie

by
or

o-
At
ns

,

,

.

. B

em.

em.

ci.

ys.

ce
e the

the
ime.

ting

e
ture

ds

m.

s.

m

1633Appl. Phys. Lett., Vol. 78, No. 11, 12 March 2001 Yingling et al.
is lower than the initial film concentration. As shown in Fi
3~a!, the calculations predict that the nonvolatile solutes pr
erentially incorporate into the clusters that ablate. In contr
the volatile soluters@Fig. 3~b!# preferentially ablate as mono
mers. In the experiments, the presence of clusters can le
a decrease of ionization efficiency22,23 and therefore we pro
pose that the ion signals shown in Fig. 2~a! do not reflect the
real concentration of C10H22 in the plume in the ablation
regime. Other possibilities such as segregation effects in
film and/or in the plume do not seem to be sufficient
account for the difference between the plume and film c
centrations.

In conclusion, both the experiments and the simulatio
of material ejection due to laser irradiation from syste
with solutes of different volatility support the existence
two distinct mechanisms of material removal. In particul
the ablation regime can be signified by the ejection of
nonvolatile solutes, whereas the high concentration of
volatile solutes in the plume characterize the desorption
gime. Simulations also show that the volatile solutes
ejected mainly as monomers, while the nonvolatile spec
tend to be incorporated into clusters.
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FIG. 3. Concentrations of~a! nonvolatile and~b! volatile solutes ejected as
monomers and as a part of the clusters vs laser fluence calculated in
lecular dynamics simulations.
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