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Ar ion irradiation-induced changes in the morphology of bare and 1-dodecanethiol self-assembled monolayer (SAM) covered
Au(111) surfaces have been investigated systematically. The changes were followed by scanning tunneling microscopy (STM)
and X-ray photoelectron spectroscopy (XPS) measurements while varying the ion charge (Ar+,Ar4+), energy (10 - 40 keV) and
fluency (1012 - 1013 ions/cm2). The impact of flame-annealing of the Au(111) surface on subsequent ion bombardment was
considered and more prominent related surface morphology changes were noted. The irradiation of Au(111) surfaces generated
Au vacancy and adatom islands and caused roughening of step edges. The size and abundance of these islands and the level
of deformation on the step edges depended strongly on the ion energy and fluency. In case of the SAM functionalized surface,
the gold vacancy islands present on the surface already from the SAM formation were modified, step edges roughened and gold
adatom islands formed. Similarly to the bare surface, the level of surface deformation increased as a function of ion energy and
fluency. The Ar4+ irradiation caused on the average slightly larger vacancy islands on the SAM modified surfaces than the Ar+

irradiation. Irradiation to fluency of 1012 ions/cm2 mostly maintained standing-up orientation of the thiolates whereas irradiation
to higher fluency resulted in reduced surface coverage and flat-lying molecules. As a general trend the DDT covered surfaces
were more susceptible for irradiation-induced surface morphology changes than the unmodified Au surfaces.

1 Introduction

Low energy ion irradiation has been successfully used to di-
rectly synthesize nanoparticles on surfaces and in modify-
ing already existing surface nanosystems. Typically thin film
structures and nanoparticles are modified to prepare nanopar-
ticles supported on solid surfaces. Ion etching of island thin
films reduces all dimensions of the islands leading eventu-
ally to formation of nanosized particles [1]. There are sev-
eral ways how the process can be controlled via the irradia-
tion conditions. By proper choice of the nanoparticle mate-
rial and ion type and energy, the sizes and locations of the
patterned nanoscaled structures at surfaces can be tuned [2].
The resulting surface pattern type (e.g. clusters or nanoporous
film) following thin film irradiation, can be regulated by the
ion fluency [3]. The surface morphology can be controlled
also by the ion incident angle or via interface kinetics [4, 5].
Also a differing approach compared to those described above
has been utilized; substrate pre-treatment by ions followed by
metal deposition on the irradiated surface. The density and

aDepartment of Physics, Division of Materials Physics, University of
Helsinki, Finland. Fax: +358 9 191 50042; Tel: +358 9 191 50082; E-mail:
jyrki.raisanen@helsinki.fi
bDepartment of Chemistry, Laboratory of Inorganic Chemistry, University of
Helsinki, Finland

size of the thus formed metal clusters correlate with the sur-
face defect density induced by the ion irradiation [6]. In gen-
eral, ion irradiation is considered to provide means to process
and control nanoscale supported clusters for possible electron-
ics applications [7, 8].

Self-assembled monolayers (SAMs) are ordered molecular
assemblies formed by adsorption of an active surfactant on a
solid surface. They have promising applications as controlled
modification of the surface with well-defined functional end
groups enables new opportunities in different technological
fields, such as fabrication of structured thin films, biologically
active substrates and photonic materials [9, 10]. SAMs also
provide convenient and archetypal means to study interactions
between ions/charged particles and ordered organic systems.
Such studies complement investigations of ion-induced dam-
age in biomolecular systems as well as have relevance in de-
velopment of new perspectives for ion beam lithography. The
majority of studies concerning ion-SAM interactions available
in the literature deal with emission processes and observation
of the sputtered molecular and cluster ions [11, 12, 13]. Only
one previous, very recent study concerns the morphological
modifications of the SAM surfaces induced by the ion inter-
actions [10]. In that study experiments for 1-dodecanethiol
(DDT) SAMs on Au(111) were conducted using 14 keV argon
ions with charge states of 7+ and 8+. The results obtained
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by scanning tunneling microscopy (STM) and time-of-flight
secondary ion mass spectrometry (TOF-SIMS) measurements
lead the authors to conclude that the used irradiations induced
only minor surface defects which correspond to cleavage of
the uppermost hydrogen atoms from the thiolate molecules
[10].

The influence of primary keV Ar ion bombardment pa-
rameters, namely charge state, energy and fluency, on the
morphologies of both bare Au(111) and DDT SAM covered
Au(111) surfaces are here systematically investigated by STM
and X-ray photoelectron spectroscopy (XPS). DDT was cho-
sen as it is perhaps the most widely studied molecular over-
layer. Alkanethiol SAMs on gold surface in general are highly
stable and readily formed due to the strong Au-S interactions
and intermolecular van der Waals interactions [14]. Even
though gold is the most common substrate for SAMs, the ef-
fects of ion bombardment on Au surfaces as a substrate for
SAMs have not surprisingly been studied systematically ear-
lier. The previous disconnected STM studies concern mainly
structures created by highly charged Xe25+,44+ ions and the
results have not been conclusive [15, 16, 17]. The herein
presented studies for Au(111) surfaces irradiated by Ar ions
serve as control experiments for the irradiated DDT covered
Au(111) surfaces. In this study we also consider the impact
of flame-annealing of the Au(111) coated mica slide (prior the
SAM growth) on subsequent ion bombardment. The current
study provides a continuation for our previous works where
morphologies of DDT SAM/Au(111) surfaces were investi-
gated after gas-phase deposition of gold and other coinage
metal clusters [18, 19].

2 Experimental Methods

SAM preparation. 1-Dodecanethiol (DDT, CH3 (CH2)11 SH,
purity ≥ 98%) was purchased from Sigma-Aldrich and used
as received [20]. SAMs were prepared by immersing freshly
flame-annealed Au(111) coated mica slides (300 nm Au,
Georg Albert PVD) in 1 mM ethanol solution of DDT for 48
h, after which the samples were rinsed with ethanol and blow-
dried with N2.

Ar irradiation. The argon ions were produced with a High
Voltage Engineering 500 kV ion implanter. The energies used
for the normally-incident Ar ions were 10, 30 and 40 keV. Typ-
ical ion current on a sample area of 5.0 cm2 was 15 nA. All
irradiations were carried out at room temperature. Since the
employed irradiation fluxes were low, it is expected that in-
significant amount of heat was dissipated on the samples dur-
ing the irradiations. The fluency during the Ar+ irradiations
of both bare Au(111) and DDT SAM/Au(111) surfaces were
1012, 5× 1012 and 1013 ions/cm2. Bare Au(111) and DDT
SAM/Au(111) surfaces were also irradiated with Ar4+ ions to
the fluency of 1012 ions/cm2 and 1013 ions/cm2.

STM Characterization. The STM measurements were
conducted in constant-current mode at the Laboratory of In-
organic Chemistry under ambient conditions with a Veeco In-
strument NanoScope V - MultiMode V scanning probe mi-
croscope, using a Platinum/Iridium (Pt80/Ir20) wire (∅=0.25
mm) as tip. From the acquired STM data the deformations in
the step edges and formation of Au vacancy and adatom is-
lands on the surface were analyzed using the scanning probe
microscopy data analysis software Gwyddion [21]. In calcu-
lations only isolated islands have been taken into account. Is-
lands merged on the step edges have been overlooked. The
Gwyddion programme provided the number of islands with
specific size for the statistical size distributions of the vacancy
and adatom islands. A typical size distribution included about
70 individual islands from which the average of the values
and standard deviations were calculated. The standard devi-
ation of the average values was estimated to be 10% taking
into account the pixel resolution of the STM images when
determining the island areas. The elapsed time between the
irradiations and the STM measurements was kept similar for
all samples (∼24 h). The time regime was determined by the
fact that in case of irradiated Au(111) surfaces after 500 min
no mass transfer takes place and the defect island size does
not change [22]. The stability of the studied surface struc-
tures at room temperature was investigated by repeated imag-
ing with STM (intervals of several days), showing unaltered
morphology both for irradiated Au(111) surfaces and for irra-
diated DDT covered surfaces.

XPS Characterization. XPS data was obtained using an
Hiden Analytical SIMS/SNMS/XPS system, equipped with an
Mg Kα X-ray source (Omicron DAR 400) operated at 75 W
and a 5◦ electron take-off angle. The photoelectrons were an-
alyzed by an Argus spectrometer (detector angle 65◦) with 50
eV pass energy. In order to minimized charging effect and
to minimize film deterioration, electron suppression (intensity
=300 nA, E=1 eV) was used. The plane to detector angle was
θ = 60◦.

3 Results and Discussion

3.1 Ar-ion irradiated Au(111) surfaces

3.1.1 The effect of substrate flame-annealing. In the
preparation of SAMs, the Au substrates are typically flame-
annealed resulting in a reconstructed surface and removal of
any possible surface contaminants. Annealing also increases
surface area of the atomically flat terraces even by a factor of
25 relative to a non-annealed surface [23]. Herein the effect
of the sample preparation protocol was studied with respect to
ion irradiation-induced surface morphological changes. One
Au(111) substrate was flame-annealed and the other one was
used in an as-received condition (the gold substrates had been
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stored in a vacuum after receiving them from the manufac-
turer) prior 40 keV Ar+ irradiation to the fluency of 1013

ions/cm2.
STM characterization and subsequent data analysis of these

samples clearly show irradiation-induced changes on their
surface morphologies (Table 1, Figures 1 and 2). The
flame-annealed and non-annealed surfaces prior the irradia-
tion are characteristic Au(111) surfaces with large terraces and
monoatomic high (ca. 2.4 Å) step edges. Irradiation roughens
strongly the step edges of both surfaces. This is logical as
the gold atoms are most mobile at those positions [24]. After
the irradiation also two types of newly formed nanoislands are
visible on the surfaces. The protrusions appear in the STM
images as bright spots whereas the pits can be visualized as
dark holes. Heights (2.4-9.6 Å) and depths (2.4-7.2 Å, i.e.
multiples of 2.4 Å) of the protrusions and the pits match the
dimension(s) of Au atom(s) suggesting that the former con-
sist of gold adatoms and the latter are gold vacancy islands.
The formation of such pits and one atomic layer high adatom
islands has been noted previously after 500 eV Ar-ion sput-
tering at room temperature [25]. The morphological studies
reveal that both types of nanoislands (i.e. adatoms and va-
cancies) are observed throughout the surfaces, including the
middle parts of the gold terraces, and that quite often the gold
adatoms locate at the edges of the vacancy islands. Both on the
annealed and on the non-annealed surfaces the adatom islands
have on average a much larger surface area than the vacancy
islands (Table 1).

Table 1 Statistical analysis of the Au vacancy/adatom islands
formed on the flame-annealed and non-annealed Au(111) surfaces
by 40 keV Ar+ ion irradiation to the fluency of 1013 ions/cm2

Vacancy Adatom
island island

Average projected surface area (nm2)
flame-annealed substrate 25.9±2.6 66±7
non-annealed substrate 25.3±2.5 51±5
Depth/Height (nm)
flame-annealed substrate 0.24-0.72 0.24-0.96
non-annealed substrate 0.24-0.48 0.24-0.72
Abundance (µm−2)
flame-annealed substrate 895 655
non-annealed substrate 530 770
Total surface area (%)
flame-annealed substrate 2 4
non-annealed substrate 1 4

The irradiation-induced Au adatom islands are higher on
the flame-annealed surface than on the non-annealed surface.
Irradiation affects also the abundances and surface areas of the
formed nanoislands (Table 1, Figures 1 and 2). The gold va-

Fig. 1 Large-scale STM images of a flame-annealed Au(111)
surface (a) prior and (b) after 40 keV Ar+ irradiation to the fluency
1013ions/cm2. Height profiles along the lines shown in the images
are presented on the right. Imaging conditions Vb = 150−300 mV,
It= 80 pA

Fig. 2 (a) A large-scale STM image of a non-annealed Au(111)
surface irradiated with 40 keV Ar+ ions to the fluency 1013

ions/cm2. (b) Height profile along the line shown in image a.
Imaging conditions Vb = 300 mV, It= 80 pA. STM image of the
surface prior the irradiation appears similar to that of the
flame-annealed surface presented in image a

cancy islands are significantly more abundant (895 µm−2 vs.
530 µm−2) and deeper (see Table 1) on the annealed surface
than on the non-annealed surface . The difference in surface
areas is most obvious for the gold adatom islands which on
average are clearly larger on the annealed surface (66 nm2 vs.
51 nm2). It is proposed that the adatom islands created on
the annealed surfaces have merged together to form larger is-
lands via adatom-mediated Ostwald ripening mechanism. A
possible source of adatoms is also the lifting of the herring-
bone reconstruction due to the Ar-ion irradiation providing
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reactive Au adatoms [26]. On the whole the STM data sug-
gest that annealing of the substrate makes it more suscepti-
ble to irradiation-induced surface defects but no specific sin-
gle cause for this can be pointed out. The topography of the
annealed Au(111) surface is characterized by large, atomically
flat terraces separated mostly by monoatomic steps of 2.4 Å in
height. As the atoms located on elevated parts of the Au(111)
surface have lower binding energy, they can thus be more eas-
ily moved without introducing defects in other parts of the
surface. Also the long-range elastic strain introduced in the
reconstructed layer could play a role. Furthermore, it has been
reported that the Au(111) reconstruction affects the local reac-
tivity of the surface and the Au atoms in the transition regions
are the most reactive, in line with the present finding [24].
All subsequent experiments in this study were carried out by
utilizing the flame-annealed substrates which are used more
conventionally.

3.1.2 The effect of Ar ion energy. For HOPG, mica,
CaF2 and Si surfaces the size of the ion irradiation generated
structures has been noted by scanning probe microscopy to be
nearly independent of the highly charged ion kinetic energy
[17]. In case of Au surfaces, the effects of bombarding ion
energy have been studied only in terms of sputtering yield but
not from the surface morphology point of view. Here we study
the effect of irradiation energy by STM with a set of experi-
ments using 10, 30 and 40 keV Ar+ ions to a fluency of 1012

ions/cm2. While 10 keV ions do not seem to cause any sur-
face deformation, pits (2.4-7.2 Å in depth) interpreted as gold
vacancy islands have been formed on the surfaces irradiated
with 30 and 40 keV ions (Figure 3). It also seems that the
vacancy islands are more abundant on the surface irradiated
with 40 keV ions (abundance 125 µm−2) than on the surface
treated with 30 keV ions (abundance 65 µm−2). On the other
hand, no definitive vacancy/adatom island area dependency as
a function of ion energy was noted.

3.1.3 The effect of fluency. Also the effect of bombard-
ing ion fluency on Au surface has been studied in the literature
only in terms of sputtering yield. For 30 keV Ar+ projectiles
the sputtering yield for Au at low fluencies

(
< 1014ions/cm2

)
has been found to be nearly independent on fluency but at
higher fluencies the sputtering yield becomes fluency depen-
dent due to trapped projectiles which change the sample com-
position [27].

Here two different sets of experiments were carried out to
study the effect of fluency on the deformation of Au(111) sur-
face. In the first set, 30 keV Ar+ irradiation was used to the
fluencies of 1012, 5× 1012 and 1013 ions/cm2. While irradi-
ation to the lowest fluency produces only a small number of
gold vacancy islands on the surface (Figure 3b), irradiations
to the higher fluencies affect the Au(111) surface also in other
ways (Figure 4). Step edges on these surfaces are clearly de-

Fig. 3 STM images of Au(111) surfaces irradiated with (a) 10 keV,
(b) 30 keV and (c) 40 keV Ar+ ions to the fluency of 1012 ions/cm2.
Imaging conditions Vb = 150 mV, It= 80 pA. (d) Height profile
along the line shown in image c. The number of Au vacancy islands
is 65 µm−2 after 30 keV irradiation and 125 µm−2 after 40 keV
irradiation. Average surface area of the vacancy islands is 18.0±1.8
nm2 after 30 keV irradiation and 18.1±1.8 nm2 after 40 keV
irradiation

formed being rougher than on the surface irradiated to the low-
est fluency or on the non-irradiated surface and gold adatom
islands are formed throughout the surfaces. On the surface ir-
radiated to the fluency of 1013 ions/cm2 also new type of pro-
truding islands, not observed on the other surfaces, are clearly
visible and abundant (Figure 4b). These islands appear in the
STM images in a slightly darker shade than the gold adatom
islands their height (1.5 Å, Figure 4c) matching well with the
dimension of argon atoms [28]. It should be noted that sim-
ilar structures were observed also for samples irradiated with
25 keV Ar ions to the fluency of 1013 ions/cm2. The pro-
jected range of the implanted 30 keV Ar ions in amorphous
Au is ∼ 11 nm [29] indicating that (also in case of the irradi-
ated Au(111) surface) the Ar atoms can be expected to locate
deeper in the bulk. Indeed, XPS analysis showed neither Ar
atoms nor additional elements (see XPS section). The sam-
pling depth for XPS under these conditions is approximately 4
nm, i.e., well below the implantation depth of the Ar ions, sug-
gesting that the Ar atoms lie deeper in the Au(111) substrate
[30]. Protrusions with similar height have been noted also in
a recent study [22] where Au(111) surfaces were irradiated by
2 keV Ar ions to the fluency of 7× 1015 ions/cm2. The au-
thors proposed that such protrusions are caused by trapped Ar

4 | 1–12

Page 4 of 12Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Fig. 4 STM images of Au(111) surfaces irradiated with 30 keV Ar+ ions to the fluency of (a) 5×1012 ions/cm2 and (b)1013 ions/cm2. (c)
Height profile along the line shown in image b. Imaging conditions Vb = 150−200 mV, It = 80−150 pA

atoms as bubbles in the sub-surface region. The origin of the
currently noted islands will be studied in the future in more
detail also by investigating the effect of energy and fluency
dependency.

Statistical analysis of the STM data (Table 2) reveals that, as
expected, the highest fluency causes most significant changes
on the morphology of Au(111) surface and thus there is a clear
dependence between the fluency and the level of surface defor-
mation. The results show stepwise progression of the surface
deformation. First gold vacancy islands are formed, then gold
adatom islands and finally the trapped sub-surface Ar atoms
induce visible surface deformations (at the fluency of 1013

ions/cm2), referred to as Ar islands in Table 2. The higher
adatom islands noted at the higher fluencies could be a result
of overlapping events at locations close to each other forming
thus extended defects.

The second set of experiments was conducted with 40 keV
Ar+ irradiation to the fluencies of 1012 and 1013 ions/cm2.
The higher fluency causes roughening of the step edges and
formation of numerous gold vacancy and adatom islands
(depths 2.4-7.2 Å, heights 2.4-9.6 Å, see Figure 1b and Table
1) while with the lower fluency the formation of gold vacancy
islands (depths 2.4-7.2 Å) is significantly less frequent (Figure
3c). Thus also in case of 40 keV Ar+ ions it can be concluded
that the higher the ion irradiation fluency is, the higher is the
level of Au(111) surface deformation.

3.2 Ar ion irradiation of DDT SAM covered Au(111) sur-
face

Quality of the DDT SAMs was confirmed by STM both prior
and after the irradiations from the sample surface unexposed
to the irradiation. STM images of the non-irradiated sur-
faces (Figure 5) show characteristic thiolate SAM covered

Table 2 The effect of 30keV Ar+ ion fluency on the Au(111) surface
indicating the characteristics of the formed gold vacancy and
adatom islands.

Vacancy Adatom Ar
island island island

Average projected
surface area (nm2)
1012 ions/cm2 18.0±1.8 - -
5×1012 ions/cm2 35.1±3.5 86±9 -
1013 ions/cm2 15.5±1.6 20.8±2.1 75±8
Depth/Height (nm)
1012 ions/cm2 0.24-0.72 - -
5×1012 ions/cm2 0.24-0.72 0.24 -
1013 ions/cm2 0.24-0.72 0.24-0.48 0.15
Abundance (µm−2)
1012 ions/cm2 65 - -
5×1012 ions/cm2 55 20 -
1013 ions/cm2 135 1380 1070
Total surface area (%)
1012 ions/cm2 0.1 - -
5×1012 ions/cm2 0.2 0.2 -
1013 ions/cm2 0.2 2.8 8.0

Au surfaces with monoatomic deep (2.4 Å) gold vacancy is-
lands (formed during the SAM formation process) and densely
packed thiolate molecules in a hexagonal arrangement and in
an upright orientation [31].

3.2.1 The effect of bombarding ion charge state.The ef-
fect of Ar ion charge state was studied with a 40 keV irradia-
tion to a fluency of 1013 ions/cm2 and using charge states of
1+ and 4+. The impact of Arq+ (4≤ q ≤10) ion bombardment
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Fig. 5 (a) A large-scale and (b) a high-resolution STM image of the non-irradiated DDT SAM/Au(111) surface. (c) Height profile along the
line shown in image b. Imaging conditions Vb = 650−900 mV, It = 20−30 pA

with kinetic energies from 2 to 18 keV on DDT SAM covered
gold surfaces has been studied by Flores et al. by following
the emitted proton yields [32]. They concluded that the pro-
ton yields increase with increasing charge state q, scaling as
qγ , with γ ∼ 5. Thereby it can be anticipated that the charge
state of 4+ has a more significant effect on the surface mor-
phology than that of 1+. STM imaging reveals that in addition
to significant deformation of the step edges, Au adatom and
vacancy islands are respectively formed and being modified
on the DDT SAM covered Au surfaces upon irradiation with
both charge states (Figures 6 and 7). As the vacancy islands
are formed on the surfaces already during the SAM formation
process (see Figure 5), it is difficult to discern them from the
possible irradiation-induced depressions. However, statistical
analysis of the STM images (Table 3) shows that in compar-
ison to the non-irradiated surface, the vacancy islands are on
both irradiated surfaces on the average larger in size and sig-
nificantly less abundant. Interestingly, the total combined sur-
face area of the Au vacancy islands and the adatom islands on
both irradiated surfaces is close to the total surface area of the
vacancy islands on the non-irradiated surface.

Gold vacancy islands are on the average slightly larger on
the Ar4+ irradiation modified DDT SAM surfaces than on the
Ar+ modified surfaces. This finding is in agreement with the
observations of Flores et al. and could be related to charge
neutralization [32]. The depth of the vacancy islands and
height of the adatom islands on the other hand seem not to be
affected by the ion charge state. The vacancy island depth is
the same as noted for the non-irradiated DDT SAM/Au(111)
surface (see Table 3). It should be noted that in the irradi-
ation of the bare Au(111) surface the ion charge state did
not have any noticeable effect. This is as expected since in
case of highly charged ion irradiations it has been noted that
the volume of the vacancy and adatom islands increases as a

Table 3 Effect of ion charge state to the formation of Au
vacancy/adatom islands on DDT SAM/Au(111) surfaces irradiated
with 40 keV Ar+ and Ar4+ ions to the fluency of 1013 ions/cm2

Vacancy Adatom
island island

Average projected surface area (nm2)
non-irradiated 16.7±1.7 -
Ar+ 23.7±2.4 40±4
Ar4+ 25.8±2.6 32.1±3.2
Depth/Height (nm)
non-irradiated 0.24 -
Ar+ 0.24-0.48 0.24-1.20
Ar4+ 0.24-0.48 0.24-1.20
Abundance (µm−2)
non-irradiated 5555 -
Ar+ 775 900
Ar4+ 1750 1400
Total surface area (%)
non-irradiated 9 -
Ar+ 2 4
Ar4+ 5 5

function of the charge state only after certain case-specific,
threshold charge state (qth). This effect has been observed
for highly oriented pyrolytic graphite (HOPG, qth ∼17), mica
(qth ∼ 30), CaF2 (qth ∼ 18) and Si (qth ∼ 30) surfaces [17].
On a molecular-level, both irradiated DDT SAM/Au(111) sur-
faces appear to be similar as areas with flat-lying molecules
(visualized as striped-phases with inter-row distances of 1.5
nm) are visible and closely-packed molecules in a hexagonal
arrangement are not observed anymore (Figures 6b and 7b).
In the flat-lying orientation alkyl chains of the molecules form
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an interdigitated bilayer (inter-row periodicity of 1.5 nm) on
the Au surface [33]. It is very likely that thiolate coverages
are reduced on the surfaces due to the irradiation irrespective
of ion charge state.

Fig. 6 (a) Large-scale and (b) high resolution STM images of DDT
SAM/Au(111) surfaces irradiated with 40 keV Ar+ ions to the
fluency of 1013 ions/cm2. Height profiles along the lines shown in
images a and b are presented on the right. Imaging conditions
Vb = 400−600 mV, It = 30 pA

3.2.2 The effect of Ar ion energy. The effect of Ar+ ion
energy on the DDT SAM/Au(111) surface was studied using
10 and 40 keV irradiations to a fluency of 1012 ions/cm2. In
case of the SAM modified surface, even the 10 keV irradia-
tion induces formation of gold adatom islands and deforma-
tion of the step edges (Figure 8). The energy loss of the Ar
ions in the DDT layer can be estimated by calculations [29].
For 10 keV Ar ions the energy loss is ∼75 eV and for 40 keV
ions about 88 eV, assuming a layer thickness of 1.4 nm [34].
Therefore the noted effect for 10 keV ions is not unexpected
as both 10 keV and 40 keV Ar ions lose minor amount of en-
ergy within the SAM layer. In addition, the gold vacancy is-
lands are significantly less abundant than on the non-irradiated
DDT SAM/Au(111) surface as their number has reduced ap-
proximately by half (2220 µm−2 vs. 5555µm−2, Table 4).
Since the vacancy/adatom islands are deeper/higher in case of
the 40 keV irradiation and taking into account other changes
on the surfaces it can be concluded that the level of surface
deformation on the DDT SAM modified Au(111) surface in-
creases with the ion energy (see Table 4 and Figures 8 and
9). The number of gold adatom islands and total coverages
of gold adatom and vacancy islands are significantly higher
on the surface treated with 40 keV ions than on the surface

Fig. 7 (a) A large-scale STM image and (b) a molecularly resolved
image of DDT SAM/Au(111) surfaces irradiated with 40 keV Ar4+

ions to the fluency of 1013 ions/cm2. Height profiles along the lines
shown in images a and b are presented on the right. Imaging
conditions Vb = 900 mV, It = 20 pA

Fig. 8 (a) Large-scale STM image of the DDT SAM/Au(111)
surface irradiated with 10 keV Ar+ ions to the fluency of 1012

ions/cm2. (b) Height profiles along the lines shown in image a.
Imaging conditions Vb = 500 mV, It = 30 pA

treated with 10 keV ions. The irradiation with the higher en-
ergy ions also results in more deformed step edges. In the
corresponding irradiations of the bare Au(111) substrates no
clear energy dependency was noted. Taking this into account
and the fact that the ions lose insignificant amount of energy
within the DDT layer, it can be concluded that the noted sur-
face morphology changes are strongly related to the presence
of the DDT layer.

High-resolution STM images of surfaces irradiated with 10
and 40 keV ions show thiolate molecules on the surface in a
closely-packed arrangement with a standing-up orientation but
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Table 4 Effect of 10 and 40 keV Ar+ irradiation energy (fluency
1012 ions/cm2) on formation of Au vacancy/adatom islands on the
DDT SAM/Au(111) surface

Vacancy Adatom
island island

Average projected surface area (nm2)
non-irradiated 16.7±1.7 -
10 keV 15.2±1.5 12.9±1.3
40 keV 22.3±2.2 32.1±3.2
Depth/Height (nm)
non-irradiated 0.24 -
10 keV 0.24-0.48 0.24
40 keV 0.24-1.20 0.24-0.72
Abundance (µm−2)
non-irradiated 5555 -
10 keV 2220 620
40 keV 2095 1375
Total surface area (%)
non-irradiated 9 -
10 keV 3 1
40 keV 5 4

also small areas where the molecules have adopted a flat-lying
orientation (Figure 9b). The observed inter-row periodicity of
1.5 nm (height profile 3 in Figures 9b and c) and 0.5 nm pe-
riodicity along the stripe (height profile 4 in Figures 9b and
c) in these areas are consistent with flat-lying DDT molecules
whose alkyl chains form an interdigitated bilayer on the Au
surface [34]. The change in orientation indicates that the irra-
diation interferes with the Au-SAM interactions as well as the
van der Waals interactions between the thiol chains, resulting
in a reduced surface coverage of thiols [35].

3.2.3 The effect of fluency. By keeping the irradiation
fluency reasonably low, the surface damage due to single ion
impact can be resolved by STM [10]. STM imaging and fol-
lowing statistical analysis (Table 5) of DDT SAM/Au(111)
surfaces irradiated with 40 keV Ar+ ions to fluencies of 1012

ions/cm2 (Figure 9) and 1013 ions/cm2 (Figure 6) reveal that
the irradiation fluency affects the level of surface deforma-
tion in an expected way. The surface irradiated to the higher
fluency is significantly more deformed on step edges and has
larger gold adatom and vacancy islands than the other surface.
The abundance of the isolated nanoislands is higher on the sur-
face irradiated to the lower fluency but it is probable that on
the other surface the defect formation is already so frequent
that the formed defects have merged together and migrated to
the step edges. The adatom islands are higher in case of the
higher fluency indicating presence of overlapping events as in
case of bare Au(111) surface. Thiolate molecules on the sur-

Fig. 9 (a) Large-scale STM image, and (b) molecularly resolved
image of the DDT/Au(111) surface irradiated with 40 keV Ar+ ions
to the fluency of 1012 ions/cm2. Height profiles of Au adatom and
vacancy islands along the lines shown in images a and b are
presented on the right. Imaging conditions Vb = 650 mV, It = 30
pA. (c) Height profiles showing inter-row periodicity (line 3 in
image b) and periodicity along the stripe (indicated by an arrow 4 in
image b) in the region with flat-lying molecules. The high-resolution
images of the surface irradiated with 10 keV Ar+ ions (fluency of
1012 ions/cm2) show similar changes in the SAM as seen in Fig. 9b

face irradiated to the fluency of 1012 ions/cm2 are still mostly
closely-packed and in a standing-up orientation (Figure 9b)
whereas the irradiation to the fluency of 1013 ions/cm2 results
in a reduced thiolate coverage and flat-lying molecules (Figure
6b).

As noted earlier all ions studied in this work lose approxi-
mately same, insignificant, amount of energy within the DDT
layer. It can be noted that a general clear trend is that the ir-
radiated DDT surfaces show more significant change in the
morphology than the irradiated bare Au(111) surfaces. This
can be explained by Ar ion stimulated vacancy mediated Ost-
wald ripening enhanced by the presence of the DDT mono-
layer which increases the excess of adatoms and vacancies and
thus the mobility at the Au(111) surface [36].

3.2.4 Ar ion irradiation-induced chemical and molecu-
lar level effects studied by XPS. XPS was used to ascertain
the irradiation-induced chemical and molecular-level effects
on the DDT SAM modified Au(111) surfaces. For this pur-
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Table 5 The effect of fluency on the formation of Au
vacancy/adatom islands on the DDT SAM/Au(111) surfaces
irradiated by 40 keV Ar+ ions

Vacancy Adatom
island island

Average projected surface area (nm2)
non-irradiated 16.7±1.7 -
1012 ions/cm2 22.3±2.2 32.1±3.2
1013 ions/cm2 23.7±2.4 40±4
Depth/Height (nm)
non-irradiated 0.24 -
1012 ions/cm2 0.24-0.48 0.24-0.72
1013 ions/cm2 0.24-0.48 0.24-1.20
Abundance (µm−2)
non-irradiated 5555 -
1012 ions/cm2 2095 1375
1013 ions/cm2 775 900
Total surface area (%)
non-irradiated 9 -
1012 ions/cm2 5 4
1013 ions/cm2 2 4

pose, a surface showing high level of deformation and vast
number of formed nanoislands in the STM imaging (Figure
10), namely the surface irradiated with 30 keV Ar+ ions to
the fluency of 1013 ions/cm2, was chosen for the XPS studies
(Table 6 and Figure 11). Non-irradiated DDT SAM/Au(111)
surface was used as a reference sample also in the XPS stud-
ies.

Fig. 10 A large-scale STM image of DDT SAM/Au(111) surface
irradiated with 30 keV Ar+ ions to the fluency of 1013 ions/cm2.
Due to the high level of deformation, statistical analysis of the data
concerning the areas of the islands was not feasible.(b) Height
profile along the line shown in image a. Imaging conditions
Vb = 500 mV, It = 50 pA

In case of the reference SAM, the S 2p3/2 signal at the BE
of ca. 161 eV is assigned to bound thiolate sulphur with a
different binding chemistry and/or geometry as compared to

Table 6 S 2p3/2, C 1s and O 1s core levels of the DDT
SAM/Au(111) surface prior and after 30 keV Ar+ irradiation to the
fluency of 1013 ions/cm2

S 2p3/2 C 1s O 1s
BE Amount BE Amount BE

(eV) (%) (eV) (%) (eV)
prior irradiation 160.7 7 284.7 91 533.0
DDT SAM/Au 161.8 72 286.2 6

163.0 21 287.7 4
after irradiation 160.7 15 284.4 91 532.7
DDT SAM/Au 161.8 62 286.3 6

163.0 23 287.7 3

Fig. 11 XPS spectra of the Au 4 f7/2, O 1s, C 1s and S 2p3/2 core
levels of the DDT SAM/Au(111) surface after 30 keV Ar1+

irradiation to the fluency of 1013 ions/cm2. The open symbols
correspond to the experimental data

the typical thiolate species on Au [37, 38, 39, 40]. In case
of the irradiated DDT SAM, the corresponding signal (with
relative intensity of ∼15% which is twice as high as that ob-
served for the reference SAM) is proposed to arise both from
the thiolate-type sulphur atoms bound to the Au surface and
from elemental sulphur [41]. Both experimental SIMS stud-
ies and molecular dynamics (MD) simulations of alkanethiol
SAMs on gold surface bombarded with Ar ions have also re-
vealed formation of atomic sulfur species [42].

The S 2p3/2 signal at the BE of ca. 163 eV has almost the
same relative intensity both in the reference SAM (∼21%) and
in the irradiated SAM (∼23%) and it is assigned to irradiation-
induced sulphur species formed during the XPS measurement
[43, 44]. No oxidized sulphur species (BE>166 eV) [44] are
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observed in the spectra of the reference and irradiated SAMs
even though small amounts of oxygen could be detected on
both surfaces. Similar observations have been reported previ-
ously in the literature [43].

The C 1s region in the XPS spectra of the non-irradiated
and irradiated DDT SAMs exhibit a main emission near 284
eV (intensity 91% of the total amount of carbon) and small
shoulders at BEs of ca. 286 eV (intensity 6%) and 288 eV
(intensity ∼ 3%). The main C 1s signal is related to the hy-
drocarbon chain of the adsorbed thiolates whereas the other
signals can be assigned to carbons bound to oxygen [38, 43].
The main C 1s emission peak shifts from 284.7 to 284.4 eV
upon the Ar+ irradiation which clearly suggests that the thio-
lates have adopted a flat-lying orientation on the irradiated sur-
face [41]. Moreover, the fitted peak width (full width at half-
maximum, fwhm) of the emission line is 1.32 eV for the ref-
erence DDT SAM, whereas for the irradiated DDT SAM it is
1.46 eV. This indicates that the irradiated SAM is structurally
less homogeneous than the reference SAM. High-resolution
STM images (Figures 6b, 7b and 9b) of the irradiated DDT
SAM covered surfaces confirm these results. XPS studies also
suggest that irradiation with 30 keV Ar+ ions to the fluency of
1013 ions/cm2 breaks S-C bonds in the SAM. They are more
prone to break than C-C bonds as their respective bond ener-
gies are 2.6 eV and ca. 4 eV [42]. It is evident that the weaker
Au-S bonds break (bond energy 1.7 eV) also, but subsequent
re-adsorption of the thiolate molecules takes place [45]. The
relative intensity of the Au signal was observed to increase
upon the Ar+ irradiation while the intensity of the C signal
decreased indicating diminished carbon content. The ratios
of Au 4 f7/2 : C 1s : S 2p3/2 signals are ca. 10:12:1 and
12:11:1 for the non-irradiated and irradiated surfaces, respec-
tively. The C:S ratio of the reference SAM is as expected.

4 Conclusions

The present findings indicate prominent surface morphology
changes on Ar ion irradiated bare and 1-dodecanethiol (DDT)
covered Au(111) surfaces and show dominant substrate effects
which have not been considered earlier. As a general trend the
DDT covered surfaces were more susceptible for irradiation
induced surface morphology changes than the unmodified Au
surfaces. The irradiation was observed in general to generate
Au vacancy and adatom islands and cause roughening of step
edges on the bare Au(111) surface. The size and abundance
of these islands as well as the level of deformation on the step
edges depends strongly on the ion energy and fluency. The
correlations between ion energy and fluency, and the average
projected surface area of vacancy and adatom islands of the
irradiated Au(111) surfaces are collected to Figure 12a.

The irradiation of DDT SAM functionalized Au(111) sur-
faces roughens the step edges, generates gold adatom islands

and decreases the number of vacancy islands (the latter are
generated on the surface already during the SAM formation
process). The surface modification occurs in such a way that
the combined defect island surface areas are roughly the same
before and after the irradiation. Surface deformation increases
as a function of ion energy and fluence and the gold vacancy
islands are on the average slightly larger on the Ar4+ irradi-
ation modified surfaces than on the Ar+ modified surfaces.
Closer inspection reveals that the thiolate molecules remain
mostly closely-packed and in a standing-up orientation on the
surface irradiated to the fluency of 1012 ions/cm2 whereas ir-
radiation to the fluency of 1013 ions/cm2 results in their re-
duced surface coverage and flat-lying molecules. The corre-
lations between ion energy, fluency and charge state, and the
average projected surface area of vacancy and adatom islands
of the irradiated DDT SAM covered Au(111) surface are col-
lected to Figure 12b. In a previous study only minor surface
defects, corresponding to cleavage of the uppermost hydrogen
atoms from the thiolate molecules, were observed when DDT
SAM functionalized Au(111) surface was irradiated with 14
keV Ar ions (to the unreported fluency) [10].

Fig. 12 a) The correlations between ion energy and fluency, and the
average projected surface area of vacancy and adatom islands of the
irradiated Au(111) surfaces. b) The correlations between ion energy,
fluency and charge state, and the average projected surface area of
vacancy and adatom islands of the irradiated DDT SAM covered
Au(111) surface. Note that no adatom islands were present in the
non-irradiated sample.
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