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Using laser ionization in combination with time-of-flight mass spectrometry, we have studied ion-induced
desorption of neutral particles from self-assembled monolayers (SAMs)4fmethylbiphenyl-4-yl) alkane

thiols (CHs(CsHa4)2(CH2)nSH, B, n = 2, 4, 6) formed on Au(111) substrates. Because BPn/Au(111) SAMs
with n = even exhibit polymorphism, the effect of purely structural changes on emission yield and fragmentation
pattern could be studied without interference from changes in the chemical composition. In spite of the high
energy of the primary ion beam (15 keV), the mass spectra reveal a striking sensitivity of the desorption
process to rather subtle changes in the structure of the layer. Depending on the SAM structure, substantial
differences in the ratio between the cleavage of the mole@ubstrate and the-€S bonds are observed.

For applications of SAMs as resists in ion beam lithography, the results demonstrate that well-defined removal

of molecules requires exact control of the SAM structure.

Many nanotechnological applications currently under devel- taking place during ion irradiation of SAMs. The ionization
opment rely on the patterned functionalization of surfaces with mechanism, which leads to the emission of secondary ions, is
complex organic molecules. In this context, self-assembled poorly understood, in particular for complex organic systems,
monolayers (SAMs) play an important rdié.SAMs can be and strongly depends on matrix effects. In contrast, analysis of
used as ultrathin resist in electrdphoton®4 neutral aton?, or the neutral majority of emitted species allows for a more direct
ion® based lithography. Because of the small dimensions insight into the desorption process. Our previous stddiésn
associated with these molecular systems, that is, an intermo-the emission of neutral fragments from aromatic SAMs during
lecular distance of less than 1 nm and a typical thickness of irradiation using ions with kinetic energies of several kiloelec-
about 2 nm, the potentially attainable resolution in litho-  tronvolts revealed that, surprisingly, only a small fraction of
graphy of SAMs is very high. Resolution is, however, only one the molecules is ejected ballistically with high kinetic energies
crucial criterion. Another one of equal importance is the precise (~eV) during the collision cascade that develops in the substrate
control of SAM lithographic processes, that is, complete removal upon impact of the ion. The majority of particles desorb at
of molecules or well-defined modification during irradiation. thermal-like energies~<0.01 eV). To explain this thermal-like
The latter focuses on processes occurring during ion irradiation emission, we have proposed a model in which particles are
of aromatic SAMs which, due to their potential application in released by a two-step mechanism. The first step consists of
molecular electronic$,are particularly attractive systems as the cleavage of a substratmolecule bond or an intramolecular
resists for high-resolution lithography. bond by chemical reactions induced by reactive species created

Generally, ion irradiation of SAMs results in emission of near the point of impact of the primary ion (e.g., radicals or
particles comprising neutral species, ions, electrons, and photonssecondary electrons). In the second step, molecular fragments
The analysis of emission processes gives information on the created by bond scission remain trapped at the surface and after
desorption mechanism. To optimize static secondary ion massreaching thermal equilibrium evaporate slowly.

spectrometry (SSIMS) for the analysis of thin organic films with  For a controlled removal of molecules, it is essential to
SAMs as a model system, most of the studies on SAMs have understand what determines the efficiency of bond-breaking in
focused on the emission of secondary ions (see ref 8 anda SAM upon ion irradiation and, in particular, complete removal
references therein). There is, however, an inherent complexity of molecules. It has already been demonstrated by others that
in using emission of secondary ions as a fingerprint of processesmodification of the SAM substrate metd&l,or the chemical
group through which SAM constituents are bound t¥ ihas
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Figure 1. Schematic illustration of BPn (GICeH4)2(CHz)nSH) ©
molecules on Au(111) substrate for= even in (a) room-temperature
a phase with rectangular {83 x 3) structure and (b) high-temperature
phases off and ¢ corresponding to oblique x 2+/3) and
rectangular (/3 x 2) structures, respectively. Relative size and
orientation of the corresponding unit cells are shown in the lower part

together with the orientation of the Au(111) substrate.
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of molecules in the SAMs without changes in their chemical Mass (am.u.) Mass (amu.)
composition. To demonstrate this effect, we have used a modelrigure 2. Photoionization mass spectra of neutral molecular fragments
aromatic system of biphenyl-based SAMs £EsH;-CeHy- desorbed with low kinetic energy-0.02 eV for particles with a mass
(CH2)n-SH (BPn,n = 1—6) on Au(111) substrates, whose of the order of 200 amu) during the 15-keV ‘Airradiation of BPn/
characteristics include an alkane spacer chain between the thioAU(111) monolayers. (23-Phase BP2/Au(111), (k)-phase BP2/Au-
group and the aromatic moiety. Previous spectroséagitand (Blplél)A(c)lal-Ehase BF;]‘” Augééh\(qﬂiplmriase BP4/Au(111), (&)-phase
microscopié®19studies have demonstrated that the structure of u(111). (hf-phase u(L11).
the BPn/Au(111) witm = odd is pronouncedly different from  (Figure 3). The relative ion yield for the molecular fragment
the one withn = even. This odé-even effect in the film struc- (Figure 3a) is lower for the high-temperatuf#o phases
ture is reflected in a number of BPn/Au(111) film properties, compared to the room temperaturephase, whereas the ratio
for example, electrochemical stabil#$2! stability against is inverted for the desulfurized fragment (Figure 3b). In contrast
exchange by other thioR and stability against electron irradia-  to these two fragments where a clear-cut difference in the ion
tion.23 However, the most striking expression of this edtven yield is observed for different phases across all even-numbered
effect, and directly relevant for this paper, is polymorph?4ni’ BPn, the picture for the CHCsH4-CsHs fragment (Wz = 168)
which is seen exclusively for even-numbered BPn/Au(111) is molecule-dependent. As seen from Figure 3c, the signal for
SAMs. Among the variety of structures observed so far, three, BP2 is increased by the— ¢ transition, whereas no difference
labeleda, 3, andd, are of interest in the context of this paper between the phases is seen for BP4 and BP6. The change of
(see Figure 1 and the Supporting Information). With access to phase affects not only the relative ion yields but also the total
different structures without any change in chemical composition, photoion signal. As shown in Figure 4, emission of neutral
the even-numbered BPn/Au(111) SAMs are well-suited systems species from theo-phase SAMs is much more efficient
to elucidate how sensitively ion-induced scission is influenced compared to the emission obtained after bombarding high-
by the film structure. temperaturgg/d-phase SAMs.

Mass spectra resulting from the ion-stimulated (15-keV)Ar All of these observations demonstrate that ion-induced
emission of neutral, low-energy molecular fragments (0.02 eV emission of intact molecules and fragments is extremely
for particles with a mass of 200 amu) from even-numbered BPn sensitive to details of the structure and energetics of the SAMs.
(n=2, 4, 6) films on a Au(111) substrate are presented in Figure The data presented here show that not even a chemical change
2 (see the Supporting Information for experimental details). The is required to alter the relative stability of the-Substrate and
left panel of Figure 2 shows data obtained fophase SAMs S—C bond against ion irradiation, and thus partial or complete
while the right panel displays corresponding mass spectraremoval of the SAM molecule, but just structural changes are
obtained for the3 ando phases, respectively. sufficient. Most striking is, however, the fact that ion-induced

Further analysis of the mass spectra of Figure 2 is based ondesorption using a primary ion beam in the kiloelectronvolt
three characteristic peaks that correspond to emission of (1) theenergy range is so sensitive to these changes that are on a very
complete molecule (CHCsH4-CeH4-(CHy)o-SH, BPN), (2) the different energy scale, that is, well below 1 eV.

desulfurized fragment (C4CsHa-CeH4-(CHy)n, BPN-S), and This sensitivity is a consequence of the processes involved
(3) the methylbiphenyl fragment (GHCsHa-CgHs with m/z = in ion-induced desorption where the high energy of the primary
168). Comparison of the mass spectra taken for even-numberedeam is distributed into different emission channels character-
BPn samples in the phase and high-temperature phasesd ized by different kinetic energies. As mentioned briefly in the

0 as presented in Figure 2 exhibits pronounced differences inintroduction, there is a high-energy channel of ballistically
the emission of the complete molecule (BPn) and the desulfu- emitted particles that is expected to be insensitive to small rear-
rized fragment (BPn-S). These differences are common to all rangements of molecules on the surface. It is, however, a second
three even-numbered BPn systems analyzed here and can behannel, which, as demonstrated in previous experinfeft3®
clearly identified looking at the abundance of the respective is responsible for the overwhelming majority of parent molecules
ions, that is, photoion signals normalized to the sum of all ions (BPn) and desulfurized fragments (BPn-S) to be emitted from
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Figure 3. Photoion signal corresponding to (a) the parent molecules (BPn), (b) the desulfurized molecular fragment (BPn-S), and (c) fragment
with m/z = 168 desorbed during the 15-keV Airradiation of BPn/Au(111) witm = 2, 4, and 6. Relative intensities of the characteristic mass
peaks are normalized to the total signal measured for a given BPn system. The filled symbols represent the signals for BP2/Au(111), BP4/Au(111),
and BP6/Au(111) irx phase. The open symbols refer to signals for BP2/Au(111) phase and BP4/6 on Au(111) jphphase.
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Figure 4. Total photoion signal of low-energy desorbed molecular g re 5. Schematic illustration of possible changes taking place at
fragments BPn/Au(llll) during 15-keV Arirradiation. The filled the Au-S—C interface duringx —  anda. — & phase transitions in
symbols represent signals for BP2/Au(111), BP_4/Au(111), and BF_’G/ BPN (CH(CsH4)2(CH2)2SH) SAMs withn = even chemisorbed on Au-
Au(111) ina phase. The open symbols refer to signals for BP2/Au in (111) substrate. Numbers 1, 2, and 3 indicate change inSC angle,
0 phase and BP4/Au(111) and BP6/Au(111)jiphase. adsorption site of S atom, and reconstruction of the Au(111) surface,
respectively.
the monolayer at low thermal-like energies. Previous computer
simulations indicated that gentle At and S-C bond scission  where¢ has to deviate from the optimum due to restrictions
occurs following chemical reactions with reactive fragments set by the molecular structure and packing of the SAM. This
such as radicals (1 and other ionic and neutral fragments competitive way gives rise to a variety of structures close in
created by the impact of the primary i6h° This model of energy, and therefore preparation of even-numbered BPn/Au-
desorption by ion-induced chemical reactions and not by direct (111) SAMs at lower temperatures results in the metastable
ballistic processes as assumed by otiasdirectly confirmed phase, which can be transformed to the more stéldigphases
by the experiments presented here. Because the cross sectionpon annealing. The new structuresfind 6 obtained for
for a chemical reaction depends, in general, critically on details SAMs of BP4/BP6 and BP2 on Au(111) exhibit a lower packing
of the electronic structure of reagents, steric conditions, and density than the initialx phase. Because the strong/&u bond
kinetic factors such as the activation energy, it can be understoodmakes the biggest contribution to the energy of the system, this
that subtle changes in the structure of the BPn/Au(111) SAMSs reduction in density is energetically costly and must be com-
give rise to such pronounced changes in the emission yield andpensated by other factors. Three of these factors seem to be of
the fragmentation pattern. particular importancé’ as illustrated in Figure 5. First, the larger
We now take a brief look at the structural changes in BPn/ distance between molecules permits that in the new phases the
Au(111) SAMs induced by phase transitions. For more details, Au—S—C angle will achieve a value that is closer to the value
we refer to our previous microscopic and spectroscopic stud- of 104°, which is considered to be the preferred one for sulfur
ies2526|n a simple qualitative modé?,the occurrence of aphase on Au(111)31733 Second, the phase transitions alter the ar-
transition depends on how the various factors, such as inter-rangements of BPn molecules on the gold surface (different unit
molecular interactions, coverage, and bonding configuration at cells for corresponding structures). This results in changes in
the Au—S interface, enter into the energy balance of a SAM. the adsorption sites of sulféf;®® inducing a restructuring of
In this model, the Au-S—C bending potential described by the Au(111) surfacé$—38 and consequently affects the stability
angle¢ (see Figure 1) contributes significantly to the energetics of the Au—S and S-C bonds. Third, the packing density is
of the SAM system whose stability depends on wheghean reduced, which, in combination with the two other factors,
be optimized along with or at the expense of other factors. releases stress originating from the misfit between the structure
Although the former, the cooperative way observed for odd- preferred by the aromatic system and the Au(111) subsitate.
numbered BPn/Au(111) SAMS;®results in stable structures Having analyzed the features common to all even-numbered
with ¢ adopting the preferred value, it is the latter, the BPn/Au(11l) SAMs, we close the discussion by turning to
competitive way observed for even-numbered BPn/Au(111), differences between these SAMs. It is clear from the experi-
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mental evidence that BP2/Au(111) differs from BP4/Au(111) . '\SIZ)Chove,»géCE(I)EOSér(i’g,5 Lﬁaalfriell;eol, J. K.; Nuzzo, R. G.; Whitesides,
and BP6 on Au(111). When looking at changes in the relative ©- V. &hem. Re. 200 -

photoion signals, it is clear from Figure 3 that the phase 180(73_) Zharnikov, M.; Grunze, MJ. Vac. Sci. Technol., B00Z 20, 1793
transition leads to a much more dramatic decrease in the parent  (4) sun, S. Q.; Leggett, G. Nano Lett.2004 4, 1381-1384.
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