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Highly charged ions have been used to study the sputtering of positive molecular fragments from mercap-
toundecanoic acid and dodecanethiol self-assembled monolayers on gold surfaces. The samples were bom-
barded with Arq+ �4�q�10� ions with kinetic energies from 2 to 18 keV. The main fragments detected were
H+, CnH2n

+ , and Cn+1O2H2n+1
+ from mercaptoundecanoic and H+, CnH2n

+ , and Cn+1H2n+3
+ from dodecanethiol.

The proton yields were increased with larger charge state q of the highly charged ion �HCI� in both samples,
scaling as q�, with ��5. The charge state dependence is discussed in terms of electron transfer to the HCI. The
final yield of protons depends on molecular functional group characteristics, orientation on the surface, and
reneutralization phenomena.
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I. INTRODUCTION

Self-assembled monolayers �SAMs� are ordered molecu-
lar assemblies formed by the adsorption of an active surfac-
tant on a solid surface. SAMs are a novel class of materials
with promising applications in different technological fields
such as nanofabrication and chemical and biological sensing
�1–3�. Some frequently used compounds in SAMs are the
n-alkanethiol HS�CH2�nX, where X refers to the terminal or
functional end group. Specifically, SAMs with COOH func-
tional end groups �such as mercaptoundecanoic acid
�MUDA�� are used to bind metal clusters and immobilize
carbon nanotubes to surfaces �2�. Alternatively, SAMs with
CH3 functional end group �such as dodecanethiol �DDT��
have been used to tune the work function of metallic surfaces
�3�. The assembly characteristics of SAMs such as density
functional theory and MUDA have been studied in numerous
papers �see the above references� and there exist density
functional theory calculations of their electronic structure
�4�.

Several techniques have been used to study and charac-
terize SAMs �5�, for example, scanning probe microscopies
and optical and ion spectroscopies �6–10�. In the latter case,
the interaction of ions with SAM surfaces leads to the sput-
tering of molecules from the surface, with the detection of
such molecules giving information on both the chemical and
structural composition of the SAM �10�. For this reason
much experimental and theoretical effort has been directed
towards ion-SAM collisions in order to understand the
mechanism of molecular emission from these surfaces �9,11�.
Furthermore, investigations of ion-SAM interactions are also
interesting as model studies of well ordered organic systems

with well-defined functional end groups, as a complement to
studies of ion-induced damage in biomolecular systems. This
field has attracted considerable attention in the last years �12�
in relation to ion beam applications in cancer treatment. By
changing the functional end group, SAMs allow one to ad-
dress the case of progressively more complex molecular sys-
tems as building blocks of large molecules.

Recently, the interactions of highly charged ions �HCIs�
with solid surfaces have been the subject of active research,
including the study of the various emission processes �13�
and future technological applications �14�. For slow HCIs,
the potential energy stored in the projectile can far exceed its
kinetic energy. In contrast to the kinetic sputtering process,
which is due to momentum transfer from the ion to the sur-
face, HCI may also transfer significant potential energy, re-
moving ions and molecules from the surface in a process
called potential sputtering �15�.

There have been previous reports of SAM surfaces irradi-
ated with HCI. Schenkel et al. �16� studied the secondary ion
production from alkyl-SAM CF3-phenol/Si�111� using
Xe10+,30+,41+, Au69+, and Th73+ ions. Large yields of positive
ions were obtained and subsequent observations with atomic
force microscopy showed craters on the SAM surfaces, with
diameters of 50–63 nm, formed by individual HCI impact.
Ratliff et al. �17� compared effective damage on
dodecanethiol/Au�111� surfaces due to irradiation with
beams of Ar* and Xe44+ ions by comparing the change in
reflectivity after etching. It was estimated that 105Ar* atoms
are required to produce the equivalent change as one Xe44+

ion �17�.
In this work, we have employed HCIs to study the sput-

tering of positive molecular fragments from two different
alkanethiol SAMs, mercaptoundecanoic acid �MUDA�, and
dodecanethiol �DDT�, formed on gold surfaces. The SAMs
were bombarded with a pulsed beam of Arq+ �4�q�10�
ions. Positive molecular ions were identified and analyzed
from time of flight �TOF� spectra.
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II. EXPERIMENTAL SECTION

A. Experimental setup

HCIs were produced by the RIKEN high-Tc supercon-
ducting electron beam ion source �18�. A 60°-analyzer mag-
net selects the charge state of the HCIs. The measurements
were made with ion beams of Arq+ with 4�q�10 and ki-
netic energy from 2.5 up to 18 keV, with a typical flux of
around 500 HCIs per second.

The sample and TOF apparatus were housed in an analy-
sis chamber which has been described in detail elsewhere
�19�. All measurements were performed under UHV condi-
tions �10−9 Torr�. The sample was mounted on a movable
and rotatable manipulator. A ground mesh was positioned
10 mm in from of the sample. In order to extract positively
charged secondary ions effectively the sample was positively
biased. A two-dimensional �2D� position sensitive detector
�PSD� was mounted on a turntable plate coaxially with the
sample holder at a distance of 140 mm from the sample. This
configuration enables measurements at different incident
angles. Double emission events due to single HCI impact
were directly tested by analyzing the output 2D-PSD signal
�preamplified� with an oscilloscope and were found to ac-
count for only around 1% of the total single event count.
Neglecting double emission events as a small percent of the
single events a single stop time-to-amplitude converter was
used.

B. Sample preparation

The SAM samples were prepared on thin gold films
which were grown on high grade V−1 mica. The mica was
preheated to 350 °C for several hours and gold film was
deposited to a depth of 200 nm at a rate of 5 nm /min at this
temperature. Using this method, larger and atomically flat
domains of Au�111� were obtained. Directly before use, the
samples were flame annealed at 650 °C to clean off any
impurities and induce surface reconstruction �20�. Scanning
tunneling microscope �STM� images showed that flat ter-
races of length greater than 100 nm were routinely obtained.
The annealed gold sample, cooled under an inert gas stream,
was then placed in a millimolar solution of thiol in ultrapure
�99%� ethanol at room temperature for around 20 h.

In the present experiment the thiols mercaptoundecanoic
acid HS�CH2�10COOH and dodecanethiol HS�CH2�11CH3
were used. After removing the sample from the solution it
was then rinsed in ethanol and dried under a N2 stream be-
fore finally being inserted into the analysis chamber. STM
observations of the MUDA and DDT samples show well
ordered molecular domains separated by domain boundaries
and vacancy islands in agreement with previous reports �7�.
While molecular resolution images were not easily obtain-
able for MUDA surfaces, DDT samples routinely showed the
characteristic ��3��3�R30° and c�4�2� reconstructions
�7�.

C. TOF spectra

In order to correctly determine the masses corresponding
to of each peak, time of flight �TOF� spectra at several

sample �acceleration� voltages �Vs� were taken. Typical posi-
tive ion spectra from DDT for two different Vs are shown in
Fig. 1. It is observed that the peak positions are shifted with
changing sample voltage, increasing Vs decreases the time of
flight.

The identification of species was made using the formula
TOF��mass /Vs�1/2 �21� for each spectrum. The first ob-
served peak in the spectra correspond to protons. By com-
paring the values from spectra at different sample voltages
we estimated the mass resolution �m /�m� in our configura-
tion of around 50. For heavier molecular fragments there is
some ambiguity about how many hydrogen atoms they con-
tain.

III. RESULTS AND DISCUSSION

A. Mass spectra

Secondary ion mass spectra are displayed in Figs. 2 and 3
for irradiation with Ar5+ and Ar9+ ions, respectively, with a
sample voltage of +400 V and an impact angle of 30° with
respect to the normal. The spectra include both monoatomic
ions and polyatomic fragment ions sputtered from the mono-
layer, with the corresponding molecular composition labeled
for each peak.

FIG. 1. TOF spectra of positive ion fragments sputtered from
DDT by bombardment with Ar10+ ions for two different accelera-
tion voltages +200 and +400 V.
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The mass spectra of positive ion fragments from MUDA
are shown in Figs. 2�a�, 2�b�, 3�a�, and 3�b�. It can be seen
that H+ is the most intense for both charge state, and H2

+ is
the second most intense for Ar9+. Molecular ions such as C2

+,
CnH2n

+ , Cn+1H2n
+ , and fragments of the alkane chain plus

functional end group Cn+1O2H2n+1
+ are also observed. In Figs.

2�b� and 3�b�, the spectra of the heavier mass fragments are
shown. Complete thiol molecules and molecules bound to
atoms of the substrate Au�M-OH�+ and AuMn

+ �where M
refers to the complete molecule� are also observed. In the
case of DDT, Figs. 3�c� and 3�d�, again the most intense peak
in the mass spectra is associated with H+ for Ar9+, but not for
Ar5+, Figs. 2�c� and 2�d�. Molecular ions which come from
fragments of the chain CnH2n

+ , Cn+1H2n
+ and chain plus func-

tional end group Cn+1H2n+3
+ are also seen in panels �c�. In the

heavier mass range complete thiol molecules and molecules
bound to atoms of the substrate Au�M-CH3�+ and AuMn

+ are
also observed in Figs. 2�d� and 3�d�. These spectra are quali-
tatively in agreement with experimental and simulation re-
sults of Ar+ bombardment of thiol-SAMs of different chain
lengths �9,11�.

The spectra from both SAMs show a similar peak distri-
bution due to the chain, for both charge state. Another char-
acteristic of the spectra is that the intensity of the molecular
peaks �e.g., CnH2n

+ � decreases monotonically with increasing
molecular size from n=3, see panels �a� and �c�, for both
charge state. This behavior was also reported in the cluster
emission from fullerene C84-film /SiO2 /Si�100� due to bom-
bardment with Xe44+ �22�. The AuMn

+ peak intensity is more
than an order of magnitude smaller than the proton intensity.
The emission of complete molecule from SAM surfaces due
to irradiation with singly charged ions has been reported �9�.
Finally, we did not observe a sizeable Au+ peak from the
MUDA surface, as opposed to the DDT one, which might be
related to reneutralization with the COOH end group. In this
context it should be noted that existing density functional
theory calculations �4� show that the −COOH end group
contributes states at about 2.5 eV below the Fermi level as
opposed to the −CH3 case which contributes states at higher
binding energies of more than 3.5 eV. This could make neu-
tralization more efficient for the MUDA case.

FIG. 2. �Color online� Mass spectra of secondary ions sputtered from SAM surfaces �a�,�b� MUDA and �c�,�d� DDT irradiated with Ar5+

ions at a kinetic energy of 9 keV, a sample voltage of +400 V and an incident angle of 30°. The panels on the left are composed
predominantly of ionic and molecular fragments whereas the panels on the right show peaks from large mass fragments including full thiol
molecules and molecule-gold clusters. The peak identification are in agreement with previous reports for single charge bombardment �9,11�.

POTENTIAL AND KINETIC SPUTTERING OF… PHYSICAL REVIEW A 79, 022902 �2009�

022902-3



It is found that, except for the proton and H2
+ peaks, the

molecular fragments yields do not show any significant
charge state dependence. This is clear by compare the spectra
between Figs. 2 and 3 for Ar5+ and Ar9+, respectively. Della-
Negra also reported absence of charge state effects for
phenylalanin/Al �23� irradiated with highly charged argon
ions.

B. Proton sputtering

The proton production as a function of the charge state is
displayed in Figs. 4�a� and 4�b� for MUDA and DDT respec-
tively. The kinetic energy of the incident ions was in the
range from 2.5 to 16 keV for 4�q�10 charge state. At least
squared fit to the data shows that the proton yield �Y�H+��,
increases with increasing charge state q with the form
Y�H+��q�, where � is about 5 for both SAMs. The results
for each series of experiments at different kinetic energies
are joined by dotted lines. For both samples the proton yields
also vary with kinetic energy. For MUDA slightly different
values of � are obtained for each kinetic energy whereas for
DDT essentially the same value of � is obtained irrespective

of the kinetic energy as is shown by the parallel dotted lines
in the log-log plot. We shall return to this point in the fol-
lowing.

In an earlier paper, the q dependence of the proton sput-
tering yield from C60 surfaces with some hydrogen contami-
nation �25� has been found to follow a power law depen-
dence and this was explained �26� by the classical over
barrier �COB� model �27�. A similar observation was made
and discussed in the same manner for proton emission from
hydrogenated silicon �28�. In this model a HCI approaching
an atom or molecule induces multielectron transfer. In the
case of our SAM it would induce electron transfer from the
alkanethiol molecule functional end group. Removal of two
electrons from the most external part of the SAM, would
create a doubly charged chemical bond �O-H�2+ and
�C-H�2+. Because the molecule is a poor conductor, the re-
neutralization probability in the molecular layer should be
lower than on a metal, and a proton may be released in the
bond direction by Coulomb repulsion. In general, in the
above model �26� the proton yield is then dependent on the
probabilities of removal of the first and second electron and
on reneutralization as the ion moves away from the surface.

FIG. 3. �Color online� Mass spectra of secondary ions sputtered from SAM surfaces �a�,�b� MUDA and �c�,�d� DDT irradiated with Ar9+

ions at a kinetic energy of 14.4 keV, a sample voltage of +400 V and an incident angle of 30°.
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The proton yields �Figs. 2–4� from MUDA are higher
than those from DDT throughout the charge state and kinetic
energy range studied, while a priori there are more hydrogen
atoms in the DDT functional end group �see Fig. 5�. How-
ever, the structure of the SAMs as depicted in Fig. 5 shows
that the outermost layer H density is similar. The similarity
between the q dependences suggests that the same mecha-
nism governs proton emission. In this context it is interesting
to compare this case with the recently investigated case of
both hydrogen terminated and water terminated silicon sur-
faces �28–30�. The proton yields from water terminated sili-
con were 10 times higher than those from hydrogen termi-
nated samples �28,30�. In Ref. �30� the larger proton yield
was attributed to the relative position of the hydrogen above
the hydroxylated surface, leading to a larger fraction of emit-
ted protons surviving neutralization. The observed differ-
ences between MUDA and DDT could be related to differ-
ences in the first and second electron transfer probabilities
from the two different functional groups due to differences in
the electronic density of states in addition to the relative
position of the hydrogen above the surface �see Fig. 5�.

A series of measurements were also performed as a func-
tion of incident angle. Figure 6 shows the proton yields from
MUDA and DDT surfaces from irradiation with Ar6+ and
Ar8+ ions at kinetic energies of 9 and 10 keV, respectively,
as a function of incident angle �. The proton yield from DDT
was larger for larger incidence angles with respect to the
surface normal �smaller angle�. Such a dependence was ob-
served in HCI induced proton emission on water covered Si
surface and attributed to kinetic emission �30�. On the other
hand, the proton yield from MUDA showed no � depen-
dence. This difference could be related to the functional
group orientation on the surface, with the DDT surface being
locally corrugated with a proton more prominently above the
surface for the DDT molecule. At the smaller HCI incidence
angles with respect to the surface, this change in position
relative to the MUDA case, could cause a larger probability
of proton emission because the more external position of the
top DDT H atom above the surface can lead to enhanced

outward emission of H+ and also to reduced neutralization
probability, since ions would start further away from the sur-
face. A discussion and simulation of some similar effects can

FIG. 4. �Color online� Proton yields from �a�
MUDA and �b� DDT under bombardment with
Arq+ ions at an incident angle of 30°. For each
value the error is ranged from 10–15 %. The solid
line is a fit to all the data with a power law q5.
The dotted lines join data with the same kinetic
energy.

FIG. 5. �Color online� Schematic diagram of the molecular
structure of the monolayer for �a� MUDA and �b� DDT �24�. In both
cases one hydrogen atom is in the outermost layer. For MUDA the
hydrogen atom is shown tilted to the next molecule’s oxygen atom
forming a weak lateral hydrogen bonding. For DDT the second line
is populated by carbon and hydrogen atoms, where the C-H bond
direction points into the film, but in the third line �first backbone
CH2� the C-H bond points into the vacuum. The first backbone is
more exposed for DDT compared to MUDA.
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be found in our recent work on oxygen atom and ion emis-
sion on oxygen covered reconstructed silver surfaces �31�.

Finally the dependence of the proton yield on the kinetic
energy of the incident HCI is shown in Fig. 7 for the DDT
sample. The yield decreases with increasing kinetic energy
for each different HCI charge state. The neutralization of
HCI over the surface is dependent on the “time above the
surface.” If the ions have a high velocity the time over the
surface is not sufficient for complete neutralization, with fur-
ther charge exchange occurring during the transit through the
SAM. This can account for the observed decrease with in-
creasing energy.

IV. CONCLUSION

We have presented results of a study of low-energy HCI
interaction with MUDA and DDT SAMs. From the TOF
spectra the masses of the monoatomic and polyatomic ions
sputtered from the surface due to the HCI-SAM interaction
were identified. The spectra were proton peak dominated.
Proton yields from MUDA are generally higher than those
from DDT, and proton yields increases with increasing
charge state for both samples with a power law given by q�,
with � about 5 for both SAMs.

The strong charge state dependence for the proton yield is
strong evidence that the protons are ejected from functional
end groups as a result of multielectron transfer processes as
in the COB model. Differences in the nature of the functional

group could lead to different contribution to proton emission
due to differences in one and two electron transfer probabili-
ties. Our results also indicate effects related to the functional
group orientation on the surface. We furthermore find evi-
dence of kinetic emission of protons, which is not the same
in case of the DDT and MUDA. In all cases proton emission
would be affected by neutralization processes. In case of
kinetic emission from inside the SAM layer different reneu-
tralization on the different end groups, which result in differ-
ences in the density of states, can differently affect the rela-
tive yield. This effect is invoked also to explain Au+

emission suppression in case of the MUDA SAM.
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