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In situ observation of particle-induced desorption from a self-assembled
monolayer by laser-ionization mass spectrometry
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We studied particle-stimulated desorption processes of highly ordered, self-assembled monolayers
of biphenyl-based thiols covalently bound to Au/mica substrates with laser postionization in
combination with mass spectrometry. Direct evidence was obtained that large molecular fragments
are removed from these monolayers during impact of electrons with a kinetic energy of 1 keV. The
damage that accumulates in the self-assembled monolayer with increasing electron dose was
measured using ion-beam, sputter-initiated laser probing. Our results show that electron-induced
desorption competes with the gradual erosion of the monolayer by the formation of a carbonaceous
residual layer on the substrate. )03 American Institute of PhysicgDOI: 10.1063/1.1555261

Many emerging nanotechnological applications rely onfilms with a thickness of 200 nm were grown by thermal
the development of well-defined surfaces functionalized withevaporation on freshly air-cleaved mita. SAMs of
(submonolayer coverages of complex organic molectilas. BP2molecules were prepared by immersion of these Au sub-
particularly promising trend is the exploitation of self- strates in an ethanolic solutigapprox. 1 mmol in pure eth-
assembled monolaye(SAMs) as ultrathin resists in combi- anol (99%, BDH Laboratory Suppligs for at least 24 h.
nation with electron-beam lithography. It has been showrBiphenyl-terminated thiols are known to form highly ordered
that this approach permits structures to be written with astructures on Au(112).**® Before the experiment, the
lateral resolution below 10 nfw The suitability of such a Bp2/Au samples were thoroughly rinsed with clean ethanol
novel resist is determined, among other parameters, by thgnd dried in a dry nitrogen flow.
nature and the efficiency of the modification in the SAM  The photoionization measurements were performed with
during irradiation by energetic electrons. Up to now, mosty |aser-ionization mass spectrometer. The experimental setup
insight on these issues has been based on the interpretatign gescribed in detail elsewhel®In short, the apparatus
of the_ comppsitio?(?l or structural changes in pristine systemggnsists of an ultrahigh vacuum chamigease pressure be-
after irradiation. . _low 2x 10 ' hPa), in which an ion gun and an electron gun

We demonstrate how laser probing of desorbed speci€gere ysed to direct energetic projectiles at 45° incidence
can be exploited to studin situ the processes that occur gne 5 centrally located sample. The plume of desorbed par-
during the dynamic interaction of organic, self-assembledicies was intersectegparallel to the sample surface at a
monolayers with swift, charged projectiles. The reportedi PlOYistance of 4 mi by a focused laser beam from a pulsed
cedure may furthermore be used to assess the radiatioffy.yaG pumped optical parametric oscillator delivering 6
induced damage during characterization sessions by standepig pulses. Desorbed organic fragments were ionized using
analytical techniques based on particle-initiated prObin9259-nm-radiation with a fluence of 7@L0Y photons/crh
such as Auger electron spectros_copy. The development (Ht this wavelength, a large photoion yield was observed,

) ) Fost probably due to resonance-enhanced, two-photon ion-
more and more important as they must keep up with th

constant reduction of the amount of material available forzation, as reported for benzetieThe photoions are subse-
analysis guently detected in a time-of-flight mass spectroméigth

We probed the electron- and Aon-stimulated de- a mass resolutiom/Am of about 200 in linear and 800 in
. reflectron modg
sorption of molecular fragments from self-assembled . . . .
. . Different experiments were designed to assess informa-
monolayers  of  2-(4-methyl-biphenyl-4yj-ethanethiol i h lecular f s d bing f the BP2/A
[ CHa— CgHy CoH4CH,CH,— SH (BP2TM covalently bound ion on the molecular fragments desorbing from the u

to Au/mica substrates. Highly oriented polycrystalline Au sample during irradiation with energetic particles, as well as
on the damage that is accumulating on the surface during
such a bombardment. To discriminate between projectile-
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dition to the mass peaks already observed in the physisorp-
tion experiment, molecular fragments wittm/z values
around 78 and 194 are also apparent. This observation con-
firmed that these fragments are not created during photofrag-
mentation. Previous studies showed that the emission of mol-
ecules upon ion impact is predominantly initiated by
LN; processes involving chemical reactions or interactions with
secondary electrons that gently cleave the adsorbate—surface
bond or a bond within the molecuté-1°The resulting frag-
| (b) 15 keV Ar ions ] ments are subsequently loosely bouipthysisorbed to the
surface until they eventually evaporate in thermal equilib-
rium with the surface.

In the third configuration, BP2/Au systems—care
being taken to remove all physisorbed species—were bom-
] barded with 1-keV electron beanmlelectron density

& 4% 10" electrons/crhs) with a total electron dose delivered
T during the entire experiment time of 3BC/cn?
(2.2x10* electrons/crf). Figure 1c) shows direct evi-
dence that medium-energy electrons are capable of initiating
the desorption of large neutral molecules from the organic
overlayer, including both the intact molecule forming the
SAM and the desulferized fragment. Up to now, oimglirect
evidence for electron-stimulated desorption of thiolated spe-
cies on Au has been report&d®f Moreover, it was recently
concluded that cleavage of thiolate—substrate bonds by low-
80 100 120 140 160 180 200 220 240 energy electrons interacting with biphenyl SAMsnist ac-

Mass (a.m.u.) companied by the removal of complete molecl@he pho-

(6.1 M e of neutral molecules obtained Hotoionizati toion signals obtained following electron-stimulated
P ass spectra or neutral molecules obtained upon pnotolonization o . . .
(@) BP2 molecules in vapor phase above the Au substfaiemolecules aesorptlon[Flg. 1(0)] are ConSIderany smaller than those

desorbed from BP2/Au during bombardment by 15-keV Aons, and(c) ~ acquired during the ion-induced desorption experiments,
molecules desorbed from BP2/Au during irradiation by 1-keV electrons. which we primarily attribute to the lower projectile flux in

the former case. To improve the signal-to-noise ratio, the

different configurationsta) BP2 molecules in the gas phase Mass spectrometer was therefore operated in its linear mode,
and molecules desorbed from BP2/Au SAMs ugbh 15-  resulting in a reduced mass resolution.
keV Art-ion and(c) 1-keV electron bombardment of the The electron-induced damage in the SAM was moni-
system. The results are summarized in Fig. 1. toredin situ as a function of the accumulated dose. There-
In the first configuration, a BP2/Au sample was insertedfore, a pristine SAM made of BP2 molecules was character-
in the apparatus without undergoing the thorough rinsingized and uniformly exposed to a 150-eV beam during four
and-drying procedure described earlier. The Au surface i§onsecutive sessions, until the SAM received a total dose of
then covered both by chemisorbed molecules forming thd000uClcn? (6.2 10" electrons/crf). In between two
SAM and by molecules loosely entangled in the monolayersessions, the damage in the BP2/Au system was investigated
These physisorbed molecules are in a dynamic equilibriun®y ion-initiated laser probing. The ion dose per data point
with molecules in the gas phase above the substrate. TH&as kept as low as 2 nC/énf1.3x 10" ions/cnf) in order
vapor pressure of this ensemble was found to be high enough keep ion-induced damage low enough. lon- and electron-
to laser-probe the molecules without the need of an energetieduced damage were considered to be uncorrelated, and the
projectile to initialize the desorption. The resulting fragmen-data are corrected for ion-initiated degradation, which was
tation patterFig. 1(a)] shows groups of mass peaks aroundfound to be of the order of a few percent.
m/z values of 165, 181, and 228, the last one corresponding The decrease of the normalized photoion signal from the
to the mass of the complete BP2 molecule. The other fragcomplete moleculer/z 228) and the desulferized fragment
ments result from breaking C—C bonds in the alkane chain(m/z 194) as function of the accumulated dose is shown in
Their abundance was found to be strongly dependent on theig. 2. For both fragments, the photoion signal decreases
photon fluence, and they are thus considered as the produdgmonotonically as function of the dose. We define the critical
of the photofragmentation of the complete molecule. dosed, as the accumulated electron dose corresponding to
Next, BP2 SAMs were prepared on Au substrates, andhe midpoint value of the difference between the photoion
care was taken to remove all physisorbed remnants beforgignal obtained from the SAM prior to irradiation and
the data acquisition. Within the instrumental detection limit,after being exposed to a large electron déselicated by
no gas-phase species could be detected. The monolayer wie dotted lines in Fig.)2 From our experiments, this critical
then subjected to a pulse@uration of 500 ng 15-keV  dose is estimated to be close to 3@G/cn?
Ar*-ion bombardment. The recorded mass spectrum i§1.9x 10" electrons/crf). Such a high value fod, is asso-

shown in Fig. 1b) (total ion dose X 10'° ions/cnf). In ad-  ciated with a regime in which a substantial amount of C—H
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Accumulated electron dose (10" electrons/cm’) molecules covalently bound to Au/mica substrates. We
000 125 250 374 499  6.24 presentdirect evidence that energetic electrons can induce
- - - ' the desorption of large, fragile, molecular fragments. The

o mh 19 . damage induced during electron irradiation of a BP2/Au

® i 228 SAM was evaluatedn situ as function of the accumulated
. dose. These results indicate that electron-induced desorption
is in competition with the formation of a carbon-rich residual
.................... film on the surface, which is commonly accepted to be the
prime erosion process of a SAM. Biphenyl-based SAMs are
. proposed as promising candidates for ultrathin, negative re-
§ ] sists. The desorption of a substantial fraction of the mono-
} ] layer during electron irradiation might contribute to limit the
L . ) ! resolution that can be ultimately obtained for substrate pat-
0 200 g 400 600 800 1000 terning by e-beam writing.
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