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Time-of-flight distributions of neutral molecules ejected from various organic surfaces have been measured
subsequent to 8 keV Ar� and H2

� ion bombardment. The distributions show that depending on the physical
and chemical nature of the substrate, the neutral molecules have strikingly different desorption profiles. For
C6H6/Ag{111}, at low coverage the C6H6 molecules eject with energies in the range 0.25–1 eV while at high
coverage most of the molecules desorb with thermal kinetic energies (�0.04 eV). At intermediate coverage
two peaks are present in the time-of-flight distribution indicating that two different mechanisms contribute
to the desorption process. For self-assembled monolayers of phenylethanethiol on Au, while a minor ejection
is observed at higher kinetic energy (�1 eV) most of the molecules desorb with thermal kinetic energies
(�0.03 eV). Pyrenebutyric acid molecules ejected from monolayer and multilayer samples have kinetic
energies close to 0.2 eV. One ejection mechanism is observed in this case. For tryptophan, most molecules
eject with kinetic energies close to 0.1 eV. In addition, a feature unique to this case is the continuous emission
of molecules from the surface that extends beyond 200ms after ion impact. For all the multilayer samples
investigated, a molecular collision cascade in the solid leads to ejection of molecules with kinetic energies in
the range 0.1–0.3 eV.# 1998 John Wiley & Sons, Ltd.
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Ion beam induced desorption techniques have found useful
applications in molecular surface characterization of
organic and biological systems.1–5 Of fundamental interest
is the interaction of ion beams with organic solids and the
mechanisms that lead to molecular desorption. It is well
known that a collision cascade leads to ejection of atomic
species in the case of metals and semiconductors.6,7Various
mechanisms have been put forth to describe the process by
which the primary ion beam dissipates energy into the
molecular solid to lead to the ejection of molecules.8–13

These include sputtering via a collision cascade and
momentum transfer,14–17various thermal desorption mech-
anisms18,19 and mechanisms involving electronic pro-
cesses.20,21

It is important to be able to isolate the contributions of the
various mechanisms that lead to molecular desorption. The
type of ejection mechanism proposed is generally deter-
mined by the behavior of the relative yields, kinetic energy
and angular distribution of the ejected species. Most of the
earlier studies have been performed on desorbed ions rather
than neutral molecules. Interpretation of ion data is not
straightforward since the nuclear motion is convoluted with
the ionization process.

In the present study, time-of-flight and energy distribu-
tions of various neutral molecules ejected upon keV ion
bombardment of different types of organic surfaces have
been investigated. First, benzene/Ag{111} has been em-
ployed as the simplest molecular adsorbate. Benzene (C6H6)
exposure was varied to obtain sub-monolayer to multilayer
coverage on the Ag substrate. Next, self-assembled mono-
layers of phenylethanethiol on gold and pyrenebutyric acid
(PBA) on Al were employed as more complicated systems
where the molecule is bound to the surface by strong
chemical bonds. And finally, we examined the behavior of
multilayer samples of PBA on various substrates and solid
biological materials such as tryptophan. Each of these
systems exhibit very different behavior, depending on the
physical and chemical nature of the system. From this
complex behavior we can begin to propose a more general
approach for predicting and understanding the desorption
mechanisms of ion bombarded molecular films.

EXPERIMENTAL

The apparatus used to measure energy and angle resolved
neutral (EARN) distributions has been described in detail
elsewhere.22 Briefly, the measurements were performed in
an ultra high vacuum (UHV) chamber with a base pressure
of 3� 10ÿ10 Torr. A desorption event is initiated by 8 keV
Ar�/H2

� ion pulse focused to a 3 mm diameter spot on the
surface. A position sensitive microchannel plate (MCP)
detector detects the ejected neutral species after multiphoton
postionization with a 6 ns laser pulse. A 266 nm laser pulse
obtained from a frequency quadrupled Nd-YAG laser is
employed to non-resonantly ionize the neutral benzene and
phenylethanethiol molecules. Tryptophan and pyrenebuty-
ric acid molecules are ionized using 280 nm radiation
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producedfrom the frequency doubledoutput of a Nd-YAG
pumpeddyelaser.Thetime-of-flight (TOF)distributionsof
the neutral molecules are recorded by varying the delay
between the ion pulse and the laser pulse. Energy
distributions are obtained after coordinate transformation
of the measuredTOF distributions using the appropriate
massandsurfaceto laserdistance.22

Theangleof incidenceof theprimaryion beamis 45° and
the neutral molecules ejected normal to the surfaceare
detectedwithin anangularrangeof �20°. Thedistributions
are obtainedafter averaging 100 lasershots at eachdelay
time. The measurementsare made understatic conditions
andtheprimary ion doseis keptbelow1012 ions/cm2 in all
experiments.

Sample preparation

Sub-monolayer to multilayer samples of C6H6/Ag{111}
wereprepared by condensing varying amountsof benzene
vaporonto a cleanAg{111} crystal cooled to 120 K. The
Ag{111} crystal was cleaned with alternate cycles of
sputtering andannealing at 450°C until sharpLEED spots
wereobtained.The gasesdissolved in C6H6 were removed
by several freeze–pump–thaw cycles before dosing. The
benzenevaporwasintroducedinto theUHV chamberusing
a leak valve. The C6H6 exposure was controlled by
monitoring the chamberpressureand the dosing time. All
exposures are reportedin Langmuir units (1 L = 1� 10ÿ6

Torr s) andareuncorrectedfor ion gaugesensitivity factor
of 5.8.23

Self-assembled monolayers(SAM) of phenylethanethiol
were prepared by immersing vapor depositedgold sub-
stratesin 30mM solutions of phenylethanethiol in ethanol.
Thegoldsubstrateswerekeptin thesolution for at leastfive
days and were then rinsed in ethanolbefore introduction
into the UHV chamber.

Thetryptophansamplewaspreparedby compressing the
tryptophan powder in a KBr press to form a pellet of
approximately 2 mm thickness.

Pyrenebutyric acid samples were prepared by spin
coating1 drop of a 23mM solution of pyrenebutyric acid
in acetoneonto varioussubstrates,i.e. vapordeposited Au
andAl . Theself-assembledmonolayer films wereprepared
by immersing vapor deposited Al substrate into 1 mM
solution of pyrenebutyric acid in acetone.The substrates
werekept in solutionfor four daysandwerethenrinsedin
acetone.

RESULTS AND DISCUSSION

To unravel the various factors that may contribute to
molecular ejection, we measured TOF distributions of
neutral molecules afterkeV ion bombardmentof different
organic materials. Thevarioussamplesinvestigatedare,(a)
C6H6/Ag{111}, where the measurementswere performed
for variousC6H6 coveragesranging from a regime where
themoleculesexist in nearisolation on themetalsurfaceto
wheretheyareboundin multilayersof frozenC6H6, (b) self-
assembledmonolayersof phenylethanethiol on gold,where
thethiol moleculesform achemical bondto Au, (c) pyrene-
butyric acid self-assembled monolayer films on Al and
multilayer films on Al and Au, and (d) solid samples of
tryptophan.

Sub-monolayer to multiyayer coverageof C6H6 on
Ag{111}

The TOF distributionsof neutral C6H6 moleculesobtained
after 8 keV Ar� ion bombardmentof C6H6/Ag{111} for
various C6H6 exposures are shown in Fig. 1. The distri-
butions havestrikingly different shapes depending on the
exposure. At low exposures(Fig. 1(a)) a peakat shortTOF
(peak A) is present and for high exposures (Fig. 1(b))
another peakat long TOF (peak B) beginsto dominate the
distribution.TheC6H6 distributionat 1 L is quitesimilar to
that observedfor desorbedsilver atoms,suggesting that at
low exposurescollisionsbetween thesubstrateparticlesand
theadsorbedmoleculesleadto ejection of C6H6 molecules.

As shown in Fig. 1(b),C6H6 exposureabove6 L doesnot
influencethe position of peak A but rather results in an
increasein signal intensity at a longer TOF (peakB). The
intensity of peakA graduallydecreasesandpeakB beginsto
dominate the TOF distribution. At intermediate coverage,
both the peaksare presentindicating that two different
mechanisms contribute to the desorption process.At very
high exposures(800 L) when peakA is absent in the TOF
distribution, the massspectrum has no Ag or Ag2 signal
characteristic of the substrate.

The molecules within peakB eject with extremely low
kinetic energieswith the peak energy being 0.04eV. A
thermal desorption mechanism could explain this low
energy emission. As shownin Fig. 2 the TOF distributions
for 800L exposure do not changewith surfacetemperature

Figure 1.Thetime-of-flight distributionsof neutralbenzenemolecules
for (a) low exposures,(b) high exposuresexpressedin langmuirs(L).
The high andlow kinetic energycomponentsarelabeledA andB.
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over the investigated temperature range (117K–134 K).
Although the TOF data could be fit to a Maxwell–
Boltzmanndistribution using a temperature parameter of
518 K, the fit temperatureis much abovethe experimental
surfacetemperatures.

Thesecalculationsshowthat for multilayercoveragethe
C6H6 molecules eject with effective thermalenergiesthat
are higher than the surfacetemperature. The ejection of
C6H6 molecules is not observedwith much the lighter H2

�

projectileionsmeaning thatamomentumtransferprocessis
crucial to this thermal emission. A molecular collision
cascadecantrigger vibrational androtational excitationof
the molecules and exothermic reactions of fragments
formed in the cascade.This cancauselocal heatingof the
C6H6 multilayers andemission of moleculeswith effective
temperatureshigherthanthemacroscopicsurfacetempera-
ture. The low thermal conductivity of the benzenelayer
would preventdissipationof heatandstimulate evaporation
of the weakly boundC6H6 molecules.

Self-assembledmonolayersof phenylethanethiol/Au

The TOF distributions of neutral phenylethanethiol frag-
ment at m/z 105 obtained after 8 keV Ar� and H2

� ion
bombardment of self-assembled monolayers of phenyl-
ethanethiol on gold (C6H5CH2CH2S-Au) are shown in
Fig. 3(a). Distributions were recorded for m/z 105
(C6H5CH2CH2) because it was the mostabundant peakin
the mass spectrum. No molecularion wasobserved in the
postionization massspectraobtainedaftersputtering or gas
phaseionization of phenylethanethiol, indicating that the
phenylethanethiol molecules photofragment in the laser
plane.

TheTOFdistribution obtainedwith theAr� projectilehas
two components, a low TOF peak A and a much more
dominanthigh TOF peakB. Upontransformation to kinetic
energy coordinates it is found that peaks A and B
correspondto approximately 1 eV and 0.03eV, respec-
tively. Only peakB is observedwhen H2

� ion is usedasthe

projectile.The desorptionprofile of peakA is quite similar
to thatof thesputteredgold, indicatingthatboththespecies
leavethe surfacewith the same velocity. This observation
alongwith thefact that thepeakA andsignal from thegold
substrateareabsent duringH2

� bombardmentindicatethat
a momentum transferfrom thegold substrate to theorganic
overlayer initiatestheejectionof themoleculeswithin peak
A. Theseobservationsaresimilar to theballistic ejection of
benzenemolecules (Fig. 1, peakA).

The low energy component (peak B) being the most
pronounced peak in the TOF distribution, is of particular
interest.The shapeof the profiles obtainedusing Ar� and
H2
� projectiles are similar. The corresponding kinetic

energy distribution for the H2
� projectile, as shown in

Fig. 3(b),couldbefit by aMaxwell–Boltzmann distribution
at room temperature. Cooling the sample resulted in a
markedshift in thedistributiontowardslowerenergies.The
moleculesleave the surfacewith very low kinetic energies
with the peakenergy being closeto 0.03eV. This is quite
striking becausethe molecule is boundto the surfaceby a
S–Au bondwith an estimated bond energy of 2 eV. In our
previouspaper,wehaveshownthatthis low energythermal
emissioncanbeexplainedby chemical reactionsthat result
in bondcleavage.24 Highly reactivespecies, suchasH�, H�

andHÿ, createdby theinteractionof theprimary beamwith
theorganicfilm mayreactwith intactmoleculesto severthe
surfacebond. Thesemoleculescanthenevaporatefrom the

Figure 2. Thetime-of-flight distributionof neutralbenzenemolecules
for 800 L exposure,at different surfacetemperatures.The solid line
showsaMaxwell–Boltzmanndistributionwith afit temperatureof 518
K.

Figure 3. (a) The time-of-flight distributionsof neutralphenyletha-
nethiol fragment at m/z 105 obtained using 8 keV Ar� and H2

�

projectiles.Thehighandlow kineticenergycomponentsarelabeledA
and B. (b) The kinetic energydistribution of the phenylethanethiol
fragmentemittedafter 8 keV H2

� ion bombardmentat 300K surface
temperatureshownwith thecorrespondingMaxwell–Boltzmannfit.
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surface. Bondcleavageby chemical reactionswill bemuch
gentler thandirect bondscission andthusis morelikely to
form products which desorb with thermal kinetic energies.

It is interestingto notethattheejectionof moleculesfrom
chemisorbed self-assembledmonolayers of phenylethane-
thiol on gold andphysisorbedmonolayer films of C6H6 are
quitedifferent.Forphenylethanethiol self-assembledmono-
layers,along with the minor ballistic ejection, desorption
mainly occurs by a thermal mechanism. However for
monolayerfilmsof C6H6 only theballistic mechanismleads
to ejection.

It is also instructive to compare the desorption from
phenylethanthiol self-assembled monolayers and C6H6

multilayer ice. The two systems are obviously quite
different yet both exhibit thermaldesorption. The phenyl-
ethanethiol moleculesform athin monolayerfilm onametal
substrate, while theC6H6 moleculesarein a multilayerice.
Therefore thethermal conductiviti esof thetwo systemsare
very different. Theself-assembledmonolayersareboundto
the gold surfaceby strongchemical bonds,while the C6H6

moleculesareweakly boundby vanderWaalsinteractions.
Thedesorptionmechanismthoughthermalin character is

alsoquite different for the two systems. First, though both
display Maxwell–Boltzmanndistribution, the fit tempera-
turetracksthesurfacetemperaturesfor thethiol while thefit
temperaturesare higher than the surface temperature for
benzene.Second,desorption is initiatedby H2

� ionsfor the
thiol but not for C6H6. Third, the TOF distributions of the
thiol are strongly dependent upon the surfacetemperature
whereasthat of C6H6 do not changesignificantly over the
investigatedtemperaturerange. Finally, weproposethatthe
thermal desorptionof phenlyethanethiol moleculesinvolves
bondcleavageby chemicalreactionsandeventual evapora-
tion while desorptionof C6H6 molecules arise from local
heatingof the substrate.

Pyrenebutyric acid films on various substrates

The TOF distributions of pyrenebutyric acid (PBA) frag-
ment at m/z215obtainedafter8 keV Ar� ion bombardment
of self-assembled monolayer films of PBA on Al and
multilayer films of PBA on Au and Al are shownin Fig.
4(a).Thefragmentatm/z215is themost intensepeakin the
postionization massspectrum.The TOF distribution of the
fragment is nearly identical to that of the molecular ion
suggesting thatmost of the fragmentmoleculesareformed
by photofragmentationof the PBA molecules in the laser
plane. The TOF distributions were recorded for the frag-
ment to achievebettersignal to noiseratio.

Unlike the earlier systems studied, all the TOF distribu-
tions in this casehaveone well-defined peak.The distri-
bution shifts towards longerTOF for the lighter substrate.
Also, by comparingthe monolayer andmultilayer samples
onAl it is evidentthattheTOFshiftsto alowervaluefor the
monolayer sample.

The kinetic energy distributions for the various PBA
samples are shown in Fig. 4(b). In all the cases the
molecules eject with peak energies close to 0.2eV. The
distributions howeverdependon the massof the substrate
and the thickness of the overlayer. The tail of the kinetic
energy distribution shows that for the Al substrates,
molecules eject with higher energies from the monolayer
sampleascomparedto themultilayer sample. This trendis
consistentwith theejectionof C6H6 moleculeswithin peak
A. In the caseof the multilayer films, the PBA molecules

eject with higherenergies from theheavier Au substrate as
comparedto the lighter Al substrate. Theseobservations
indicate that a ballistic mechanism is responsible for the
ejection of PBA molecules.

Of note is the fact that the TOF distribution of self-
assembled monolayers of PBA on Al doesnot have any
thermal componentsimilar to that observedfor SAMs of
phenylethanethiol on Au. This is not unexpected because
thebond cleavagefor thethiol self-assembledmonolayersis
proposed to occur due to chemical reactions. Such a
mechanismshould be specific to the functional group of
the molecule binding to the surfaceandtherefore the bond
cleavage and thermal desorption is unique to the thiol
monolayer.

Also interesting to note is that the ejection of PBA
moleculesoccurswith kinetic energies similar to the C6H6

moleculesemitted from monolayer andintermediatemulti-
layer coverages.The ejection of molecules from physi-
sorbed monolayer films of C6H6 and chemisorbed self-
assembled monolayers of pyrenebutyric acid occurs with
similar kinetic energies. The emission of molecules from
multilayer films presentsastrikingcontrastin thetwo cases.
For C6H6 at intermediate coverage,alongwith the ballistic
process described above, desorption also occurs by a
thermalmechanism. Thisis quitedifferentfor pyrenebutyric
acid molecules whereejection from monolayer as well as
multilayer filmsoccursat thesamekinetic energy.A single
ejection mechanism described by the molecularcollision

Figure 4. The (a) time-of-flight distributionsand (b) kinetic energy
distributionsof neutral PBA fragment (m/z 215) ejectedfrom self-
assembledmonolayerof PBA on Al (PBA SAM/Al), andmultilayer
films of PBA on Au andAl substrates(PBA/Au andPBA/Al).
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cascadeleadsto ejectionof pyrenebutyric acid molecules
for all thedifferentoverlayer/substrate combinationsinves-
tigated.

Solid tryptophan

TheTOFdistributionsof neutral tryptophanfragment atm/z
130obtained after8 keV Ar� ion bombardmentof a trypto-
phanpellet at 300 K and 210 K surfacetemperaturesare
shown in Fig. 5(a). No molecular ion was present in the
postionization massspectrumandthe peakat m/z130 was
found to be the mostintense.

The TOF distributions at both the surfacetemperatures
haveawell-defined peakcloseto 20ms.A uniquefeature in
theTOF distribution at 300K is thecontinuousemissionof
molecules or molecular fragments that lasts longer than
200ms after ion bombardment. This delayed emission
indicates that the probe energy is not directly dissipated
into the solid but is rather stored in a manner which
facilitates ejection over an extendedperiod of time. This
emission is not found at 210 K, indicating that either the
storageof energy is temperature dependent or the delayed
emission getsquenched at lower temperatures.A possible
explanationmaybe that theprimary ion induceselectronic
transitions within the surfacemolecules.Tryptophanhasa
long lived triplet state which, if populated by transitions
induced by fast ions, may cause energy release after
radiationlessdecayand accountfor the delayedemission.

Transitions to the triplet stateshould also be inducedby
photons.We have indeed observedsimilar long emission
times,whentryptophanis irradiatedwith 266nmphotons.25

Thekinetic energy distribution obtainedafter coordinate
transformationof theTOF distribution at 210K is shownin
Fig. 5(b). The peak in the energy distribution is close to
0.1eV. Themoleculesejectwith kinetic energiessimilar to
that of C6H6 and pyrenebutyric acid molecules. We
postulatethatamolecular collisioncascadein thetyptophan
solid leadsto ejection of molecules with kinetic energies
close to 0.1eV. Coordinate transformation of the TOF
distribution at 300K would not be appropriatebecausethe
ballistic peakis convoluted with long emission times. It is
therefore difficul t to estimate the kinetic energies with
which the molecules desorb in the delayed emission
process.

CONCLUSION

We have examined the time-of-flight and kinetic energy
distributions of neutral molecules ejected from various
organicsurfacesby energeticion bombardment.Theresults
presenta complex mechanisticpicture indicating thatmore
thanonemechanismcontributesto theejectionof molecules
from organic solids. The desorption profiles of the
moleculesarestrikingly differentdepending onthephysical
andchemicalnatureof themolecule/substratecomplex.For
C6H6/Ag{111}, at low coveragethemoleculesejectdueto
collisions with substrate particles whereasat high coverage
thedesorptionhasmoreof athermalnature.At intermediate
coverages, two peaks are present in the distributions
suggestingthat both the mechansims occursimultaneously
during the desorption process. For self-assembledmono-
layersof phenylethanethiol on gold, while a minor ejection
occursdue to collisionsfrom the substrate particles, most
molecules desorb with very low kinetic energies. The
velocity distributions fit to the Maxwell–Boltzmannequa-
tion with temperaturevaluescloseto the surfacetempera-
ture.For pyrenebutyric acid films a ballistic mechanism is
responsible for ejection from monolayer and multilayer
films. Forsolid tryptophansamples,thoughmostmolecules
ejectdueto a ballistic process,emissionof molecules that
extendto long times after ion impact is observed at room
temperature.Finally, is it possible to form a unified picture
of molecular desorptionfrom thiscomplex puzzle?In all the
multilayer systems investigated the molecular collision
cascadewithin thesolidresultsin ejectionof moleculeswith
kinetic energies in the range0.1–0.3eV. We can begin to
proposea moregeneral approachto predictandunderstand
the desorption mechanisms of ion-bombardedmolecular
films. Developing a theory for the molecular collision
cascadewill be importantin achievingthis goal.
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