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Abstract

A beam of 5 eV Oþ reactively etches a decanethiolate/Au(1 1 1) self-assembled monolayer (SAM). Ion-induced

modifications of the SAM are monitored in situ by X-ray photoelectron spectroscopy at different stages during the Oþ

dose. Approximately 3.8 carbon atoms are removed when 10 Oþ ions strike a decanethiolate molecule; furthermore,

18% of the incident oxygen ions become trapped in the SAM. This facile reactivity is directly compared to that observed

for thermal O(3P) incident on an alkanethiolate SAM and to hyperthermal O(3P) bombarding various polymeric films.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

When a hyperthermal ion collides with a sur-

face, the ion�s kinetic energy and its electronic

potential energy can activate a wide range of

chemical reactions [1]. This capacity to induce

chemical change is exploited in the fabrication of

novel materials and coatings; on the other hand,

the heightened reactivity of ions can be deleterious

to spacecraft exposed to the low-earth orbit (LEO)
environment [2]. The most abundant ion in LEO is

Oþ; within the rest frame of an orbiting space

vehicle at 300 km altitude, ambient Oþ will strike

the surface of the spacecraft with a collision energy

of �5 eV [3]. The damage caused by materials

degradation and erosion in LEO can shorten the

lifespan and viability of a space mission. Conse-
quently, great efforts are expended on identifying

new materials and coatings that are resistant to

LEO attack [4]. Polymeric materials are attractive

candidates, because they are lightweight, inexpen-

sive, and moldable. As a preliminary test of their

viability for spacecraft applications, a series of

satellite-based measurements have determined the

erosion rates for simple polymers (e.g. polyethyl-
ene, kapton and teflon) in LEO [5]. However,

laboratory-based simulations of the LEO envi-

ronment have failed to achieve as high of an etch

rate using neutral O-atom sources [6]. Potential

synergistic effects involving electron-, photon-, and

ion-bombardment may accelerate the reactivity of

O-atoms in LEO [7].

To gather mechanistic information about the
interaction of Oþ with saturated hydrocarbon
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polymers, experiments must be performed on well-

characterized surfaces. One model surface that

serves as a prototype for polyethylene is an al-

kanethiolate self-assembled monolayer (SAM) [8].
Alkanethiol molecules bind tightly to gold through

the sulfur group. On crystalline Au(1 1 1), deca-

nethiol forms close-packed ordered domains of

parallel hydrocarbon chains, tilted at 34� relative

to the surface normal [9]. These surfaces represent

stable, well-characterized interfaces for studying

the reactivity of ions with saturated hydrocarbons

[10–12]. Because the monolayer is only 14.5 �AA
thick, there is not significant charging by the in-

cident ion beam during the experiment.

Fairbrother and coworkers have studied the

reaction of thermal O/O2 with a decanethiolate

SAM [13]. The oxygen atoms were generated in a

thermal gas cracker and effused through a small

aperture to strike the surface. The researchers

employed X-ray photoelectron spectroscopy
(XPS) to monitor the chemical composition of the

SAM as a function of oxygen dose. In addition to

observing a significant decrease in the surface

carbon signal, they saw evidence for extensive

oxidation of the hydrocarbon chain. The authors

surmised that carbon is removed via the desorp-

tion of volatile oxidation products, such as CO(g)

or CO2(g), formed through hydrogen abstraction
followed by oxygen addition.

George and coworkers investigated the degra-

dation of an octadecanethiolate SAM exposed to

an oxygen plasma [14]. They compared the etch

rate for the complete plasma (neutrals, ions, and

electrons) to the etch rate measured for the neutral

plasma species alone. The presence of charged

particles in the incident flux enhanced the etch rate
by approximately a factor of five. It is unclear,

however, whether the increased impact energy or

an increased chemical reactivity is responsible for

the ions� added reactivity. Koontz et al. presented

a critical review of polymer-degradation experi-

ments involving thermal (<0.1 eV) versus hyper-

thermal (3 eV) neutral O-atom sources [6]. For all

organic surfaces studied, hyperthermal O-atom
sources better emulate the polymer-erosion mea-

surements collected in the LEO environment.

In the present study, the reaction of 5 eV Oþ

with a decanethiolate SAM is studied under ul-

trahigh vacuum (UHV) conditions. In situ XPS

reveals the rate at which the hydrocarbon layer is

oxidized and etched by the incident ion beam.

Comparison is made to similar experiments in-
volving predominantly neutral oxygen reactants.

2. Experimental

The experiments are conducted in an UHV

scattering chamber described elsewhere [15,16]. A

Au(1 1 1) crystal is Ar-sputtered (300 eV) and an-
nealed at 550 �C in UHV to prepare an atomically

clean, well-ordered surface, as verified by XPS and

low-energy electron diffraction. The crystal is re-

moved through a vacuum load-lock and sub-

merged for 24 h in 1 mM decanethiol/ethanolic

solution. After the sample is removed from the

solution, it is rinsed in pure ethanol and dried with

blown nitrogen. Quickly, the substrate is reloaded
into the UHV chamber and left under vacuum for

18–24 h at room temperature to remove any excess

solvent.

The reactant oxygen ions are generated in a

Colutron plasma source, accelerated to 1.5 keV,

mass-selected in a Wien filter, and decelerated to

the final beam energy of 5.0 eV (2.4 eV FWHM).

The ion beam is directed at normal incidence
to the surface with a current density equal to 50–60

nA/cm2. Periodically, the oxygen dose is inter-

rupted, and the surface is positioned in front of an

XPS spectrometer, mounted within the same

chamber. After XPS spectra of the Au 4f, C 1s, and

O 1s peaks are collected, the sample is repositioned

for further oxygen dosing. All experiments are

conducted at room temperature.
The XPS measurements utilize a Mg Ka X-ray

source operated at 260 W (13 kV) and a VG

100AX hemispherical analyzer. Spectral analyses

consisted of background subtraction followed by

peak fitting. A Tougaard background is subtracted

from the C 1s peak, whereas linear backgrounds

are subtracted from both the Au 4f and O 1s peaks.

The C 1s spectra are fit with 1–3 peaks (85%
Gaussian/15% Lorentzian peak shapes) centered

on the unoxidized C(0) and oxidized C(I) or C(II)

peak positions. The carbon peaks are constrained

to share a common, fixed FWHM.
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3. Results and discussion

Fig. 1 shows the C 1s region of XPS spectra
recorded before and after the SAM was exposed to

4:5 � 1015 Oþ ions/cm2. A third spectra in Fig. 1

corresponds to a control run, in which the exper-

imental procedure described above is repeated,

except that the ion beam is deflected from the

surface. Although the control run demonstrates

that X-ray irradiation, by itself, leads to a partial

depletion of carbon in the film, the Oþ dose sig-
nificantly accelerates the process. In addition, it is

apparent that after Oþ-bombardment the SAM

layer exhibits a small shoulder to high binding

energy in the C 1s XPS spectrum. The shoulder is

assigned to oxidized C(I) in the form of –C
j

j
–O–H

or –C
j

j
–O–C

j

j
– functional groups. There is no disc-

ernable oxidation in the control run.

In tandem with each C 1s spectrum, Au 4f and

O 1s spectra are recorded. Commensurate with the

depletion in the C 1s signal, the area under the
Au 4f peak increases slightly with Oþ dose, con-

sistent with a systematic thinning of the carbon

layer through ion etching. Taking into account the

X-ray cross-sections and inelastic mean free paths

of photoelectrons ejected from Au and C, the

carbon-layer thickness is calculated for each Oþ

dose [17]. Fig. 2 presents the thickness of the car-

bon layer, and correspondingly the number of
carbon atoms per decanethioloate molecule, as a

function of Oþ exposure. The data collected from

the control experiment are overlaid on the same

plot. Although X-rays alone appear to damage the

Fig. 1. C(1s) region of XPS spectra for decanethiolate SAM on

Au(1 1 1). The spectra are recorded (a) initially, (b) after an Oþ

exposure of 4:5 � 1015 ions/cm2 and (c) following a control run

in which the Oþ ion beam was deflected from the surface.

Spectrum (b) is fit to contributions from two oxidation states:

C(0) and C(I).

Fig. 2. Thickness of SAM layer, and the corresponding number

of carbon atoms per hydrocarbon chain, as a function of Oþ

dose. The solid triangles represent the data collected with the

Oþ-beam on. The open triangles arise from the control exper-

iment, in which the same procedure was followed with the Oþ-

beam off. The solid square results when only one set of X-ray

spectra is recorded before Oþ exposure, and no X-rays were

delivered during the Oþ dose. Similarly, the solid circle indicates

the result when no X-ray irradiation was employed until after

the entire Oþ dose.

132 X. Qin et al. / Nucl. Instr. and Meth. in Phys. Res. B 203 (2003) 130–135



film, the SAM treated with 5 eV Oþ is etched more

severely.

The X-ray induced damage to SAMs on Au is

well-documented and leads to hydrogen and car-
bon loss as well as interchain linking [18,19]. Al-

though the X-ray source did not alter the surface

temperature, low-energy electrons emitted from

the source could contribute to the degradation of

the SAM. To address the potential interference

that X-ray damage may impose upon the ion

etching results, experiments are repeated in which

the sequence and magnitude of Oþ and X-ray
doses are varied widely. For example, rather than

record periodic XPS spectra during the Oþ dose

(see solid triangles in Fig. 2), a run is performed in

which XPS spectra are taken only at the beginning

and end of the run (see solid square in Fig. 2).

Although the latter experiment has a lower X-ray

dose during the oxidation step, albeit a compara-

ble overall X-ray dose, the two runs result in a
similar loss of carbon. To eliminate all pretreat-

ment of the SAM with X-rays, a run is performed

in which the first XPS is not recorded until after

the entire Oþ dose is finished. 1 Within a few

minutes after commencing X-ray exposure, the C

and Au spectra are completely recorded (resulting

in the solid circle in Fig. 2). This latter point

provides a reasonably accurate assessment of the
ion-induced damage with minimal X-ray induced

modifications. Taking into account various sce-

narios for the confluence of 5 eV Oþ and X-ray

bombardment in all of the data sets recorded, we

conclude that, on average, 3:8 � 0:7 carbon atoms

are removed for every ten 5 eV Oþ ions impacting

a decanethiolate molecule.

The 5 eV ion energy is insufficient to physically
sputter an entire decanethiolate molecule intact.

Furthermore, an Oþ ion strikes each decanethio-

late molecule once every 20 min; hence, the infre-

quency of collisions prevents collective physical

sputtering effects. Auger neutralization of Oþ

could degrade the SAM through potential hot-

electron emission; however, this is unlikely because

the ionization potential (13.6 eV) of oxygen is less

than twice the energy gap (7.4 eV) between the

highest occupied and lowest unoccupied levels of

the saturated hydrocarbon layer [20]. Instead, the
carbon atoms are stripped from the decanethiolate

molecules sequentially. Previous authors have

conjectured that oxidation of the hydrocarbon

chain precedes and initiates carbon removal [6,13].

Indeed, the shoulder feature in the C 1s XPS

spectra (Fig. 1(b)) develops with Oþ exposure. Fig.

3 plots the ratio of the area under the carbon

shoulder peak(s), divided by the area under the
entire carbon peak, as a function of the Oþ dose.

Further evidence for the incorporation of oxygen

into the SAM appears in the O 1s XPS spectrum.

Fig. 3 shows the area under the O 1s peak, scaled

1 The SAM deposition process resulted in highly reproduc-

ible XPS spectra in which the C/Au peak areas on separate

samples differed by only a few percent.

Fig. 3. Oxygen-to-carbon ratio in the film as a function of Oþ

dose. The total oxygen-to-carbon ratio (solid symbols) is de-

rived from comparing the peak areas under the O 1s and C 1s

XPS spectra. The open symbols represent the subset of oxygen

bound to carbon scaled by the total amount of carbon, as

calculated from the peak areas within a C 1s spectrum. Trian-

gles designate XPS data recorded at periodic intervals during

the Oþ exposure. Squares symbolize data collected when only

one set of X-ray spectra is recorded before Oþ exposure, and no

X-rays were delivered during the Oþ dose. Circles indicate the

analogous result when no X-ray irradiation was employed until

after the entire Oþ dose.
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to that for the C 1s peak, while correcting for their
respective sensitivity factors. This provides an

upper limit on the oxygen content in the SAM,

because it is likely that the mean depth of carbon

in the film is greater than the mean depth of oxy-

gen; hence, the oxygen signal will be attenuated

less than the carbon signal. Prolonged exposure to

X-rays had no effect on the O/C ratio measured.

However, X-ray exposure did reduce the ratio of
the oxidized to nonoxidized carbon components

by 15–20%. The control experiment, described at

the beginning of this section, resulted in no de-

tectable levels of oxygen in the SAM.

The two independent measures of oxygen con-

tent in the SAM, indicated by solid and open

symbols in Fig. 3, differ by a factor of two. Whereas

the O/C ratio is sensitive to all forms of oxygen, the
proportion of oxidized to total carbon in the SAM

provides information about only the subset of oxy-

gen atoms that are bound to carbon. The data

suggest that �60% of the oxygen incorporated in

the film may be in the form of H2O or O2. Tem-

perature-programmed desorption spectra, re-

corded at the end of the Oþ dose, show no evidence

for H2, O2, CO, or CO2 emission. However, there is
a considerable H2O desorption peak, suggestive

that water is a major byproduct of ion-beam oxi-

dation. More experiments are necessary to rule out

adventitious sources of water in the TPD spectra.

In summary, the data indicate that after a dose of

10 Oþ ions per decanethiolate molecule, an average

of 3:8 � 0:7 carbon atoms are lost, 0:7 � 0:1 oxygen

atoms are incorporated into each alkane chain, and
1:1 � 0:2 oxygen atoms are trapped in the SAM –

potentially in the form of water.

The efficiency with which 5 eV Oþ etches a
decanethiolate SAM layer can be directly com-

pared to laboratory and space-based experiments

on similar systems. Table 1 lists the recession rates

(i.e. volume of material removed by an incident

particle) measured for thermal and hyperthermal,

neutral O-atoms incident on hydrocarbon SAMs,

polyethylene, and kapton films. In comparing our

results to thermal O-atom studies on comparable
alkanethiolate SAMs, it is apparent that 5 eV Oþ

ions etch an alkanethiolate SAM with two to four

orders of magnitude greater efficiency than do 0.1

eV O-atoms. The hydrocarbon density within the

decanethiolate SAM is close to that of polyethyl-

ene, a saturated hydrocarbon polymer. The simi-

larity of these two surfaces is supported by the fact

that thermal O-atom erosion studies on polyeth-
ylene are bracketed by the results for the alkane-

thiolate SAM analogs [6,13,14]. If comparison is

made between the results for 5 eV Oþ/SAM and

3 eV O/polyethylene systems, the ions appear to be

more reactive. In fact, the recession rate measured

in the present study exceeds that recorded for

polyethylene or kapton in LEO, where neutrals,

ions, electrons, and photons act synergistically.
Although ions are a minority species in LEO, they

may induce a disproportionate share of the dam-

age inflicted upon spacecraft materials.
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