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a b s t r a c t

Harsh environments pose materials durability challenges across the automotive, aerospace, and
manufacturing sectors, and beyond. While amorphous carbon materials have been used as coatings in
many environmentally-demanding applications owing to their unique mechanical, electrical, and optical
properties, their limited thermal stability and high reactivity in oxidizing environments have impeded
their use in many technologies. Silicon- and oxygen-containing hydrogenated amorphous carbon (a-
C:H:Si:O) films are promising for several applications because of their higher thermal stability and lower
residual stress compared to hydrogenated amorphous carbon (a-C:H). However, an understanding of
their superior thermo-oxidative stability compared to a-C:H is lacking, as it has been inhibited by the
intrinsic challenge of characterizing an amorphous, multi-component material. Here, we show that
introducing silicon and oxygen in a-C:H slightly enhances the thermal stability in vacuum, but
tremendously increases the thermo-oxidative stability and the resistance to degradation upon exposure
to the harsh conditions of low Earth orbit (LEO). The latter is demonstrated by having mounted samples
of a-C:H:Si:O on the exterior of the International Space Station via the Materials International Space
Station (MISSE) mission 7b. Exposing lightly-doped a-C:H:Si:O to elevated temperatures under aerobic
conditions or to LEO causes carbon volatilization in the near-surface region, producing a silica surface
layer that protects the underlying carbon from further removal. These findings provide a novel
physically-based understanding of the superior stability of a-C:H:Si:O in harsh environments compared
to a-C:H.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Challenges associated with the durability of materials in
demanding environments, such as high temperatures and pres-
sures, ionizing radiation, corrosive chemicals, or mechanical wear,
pick).
often severely constrain engineers during the design of novel
technologies across several application domains such as the aero-
space, automotive, and manufacturing sectors [1]. The develop-
ment of new materials able to meet the ever-increasing
requirements of advanced applications is a critical need.

Amorphous carbon-based materials have been used over the
last three decades in a wide range of applications because of their
impressive properties, notably their high strength and strain to
failure, their ability to form smooth, continuous, ultra-thin,
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conformal coatings, and their outstanding tribological performance
(i.e., low friction, wear, and adhesion) [2,3]. This has resulted in
their use as coatings for high-performance tools [4,5], micro-
electromechanical systems [6], atomic force microscope probes
[7,8], and overcoatmaterials for hard disk drives [9,10] amongmany
others. With increasing frequency, amorphous carbon-based films
are being deposited on automotive components, since their
impressive tribological properties can improve engine efficiency
and fuel economy while protecting engine components from wear
[11,12]. Amorphous carbon-based coatings are also being consid-
ered for aerospace applications [13], where materials must with-
stand exposure to the harsh conditions of space environments
(vacuum/low pressure, hyperthermal atomic oxygen, thermal
cycling, ultraviolet radiation, debris/meteoroid impacts) [14], while
providing mechanical protection and reliably low friction and wear
(both during ground testing and operation in other environments
beyond Earth's).

Despite the initial success of these materials, some critical
challenges have emerged that limit their widespread use at pre-
sent. Hydrogenated amorphous carbon (a-C:H) exhibits a limited
thermal stability (upon heating above 150 �C, a-C:H undergoes
degradation that starts with the out-diffusion of hydrogen and is
followed by the conversion of sp3 C-C bonds to sp2 C-C at higher
temperatures) [15], which raises concerns about the reliability of
this material for a number of applications. This, for example, is
problematic for the development of one of the most promising
solutions for increasing the magnetic storage density in hard disk
drives, i.e., heat-assisted magnetic recording (HAMR) [16]. The
localized, intense heating employed in HAMR for data encoding can
induce significant structural changes in a-C:H overcoats, leading to
a deterioration of the mechanical properties [15,17e19]. In addi-
tion, oxidation of a-C:H can occur upon annealing in the presence of
oxygen [20] or under aerobic conditions [21e23] as well as from
hyperthermal reactions with atomic oxygen [24,25]. The occur-
rence of thermo-oxidative reactions in the near-surface regions of
a-C:H leads to carbon erosion through the emission of carbon
monoxide/dioxide [20] and results in a significant reduction in film
thickness [21e25].

To enhance the reliability of amorphous carbon-based materials
under harsh environmental conditions, their composition and
structure can be tailored by introducing dopants or alloying ele-
ments during film growth [18,26]. Among the several doped/
alloyed versions of a-C:H films that have been synthesized over the
last decades, silicon- and oxygen-containing hydrogenated amor-
phous carbon (a-C:H:Si:O) is a particularly promising class of
multicomponent materials for several applications. The incorpo-
ration of silicon and oxygen increases the thermal stability [27,28],
while reducing the residual stress [29,30] and not significantly
affecting the mechanical properties [30]. Furthermore, a-C:H:Si:O
films have been shown to possess good tribological performance
across a broader range of conditions and environments compared
to a-C:H films [30e34].

The superior thermal stability of a-C:H:Si:O compared to a-C:H
was suggested to arise from the fourfold coordination of silicon,
which stabilizes carbon atoms in sp3 hybridization state, thus
inhibiting their conversion into sp2-bonded carbon at elevated
temperatures [35e38]. However, the complexity involved in char-
acterizing and understanding the structure-property relations for a
material that is effectively a solid solution of four different elements
is significant. Moreover, being amorphous and in a structure far
from equilibrium limits the ability to characterize thematerial in its
as-grown state and as it evolves due to exposure to harsh condi-
tions. Thus, a fundamental understanding of the origin of the su-
perior thermal and thermo-oxidative stability of a-C:H:Si:O has not
yet been achieved. Furthermore, the behaviour of a-C:H:Si:O has
not yet been investigated under the harsh conditions of space en-
vironments. This hampers the ability to tailor the deposition pro-
cess to achieve improved performance.

Herein we report an investigation of the chemical reactions and
structural changes occurring in the near-surface region of a-
C:H:Si:O under harsh environmental conditions, namely elevated
temperatures, oxidative environments, and low Earth orbit (LEO)
environment. The in situ spectroscopic investigation of the
thermally-induced structural changes occurring in the near-surface
region of a-C:H:Si:O indicated that introducing silicon and oxygen
in a-C:H at a level of, respectively, 6± 1 at.% and 3± 1 at.% slightly
enhances the thermal stability under high vacuum conditions.
Photoelectron spectroscopy and transmission electron microscopy
measurements suggested that exposing a-C:H:Si:O either to
elevated temperatures under aerobic conditions or to the harsh LEO
environment (on the exterior of the International Space Station)
leads to carbon volatilization in the near-surface region with the
formation of a silica surface layer, which prevents the underlying
carbon phase from further reacting with oxygen and/or water and
being eroded. Our findings shed light, for the first time, on the
origin of the superior thermal and thermo-oxidative stability of a-
C:H:Si:O compared to undoped a-C:H.

2. Experimental

2.1. Materials

Silicon- and oxygen-containing hydrogenated amorphous car-
bon (a-C:H:Si:O) coatings were deposited on silicon wafers (for
annealing experiments) or 304 stainless steel disks (for exposure
tests to the low Earth orbit (LEO) environment aboard the Inter-
national Space Station) by Sulzer-Metco Inc. (Amherst, NY, USA)
using a proprietary plasma-enhanced chemical vapour deposition
(PECVD) process, whose details are described elsewhere
[29,30,32,39e43]. Briefly, a plasma discharge was formed from a
proprietary siloxane precursor by means of a hot filament, whose
temperature ranged between 1800 �C and 2000 �C. During the
deposition, a negative radio frequency (RF) bias voltage
between �300 and �500 V was applied to the substrate. Although
the substrate temperature was not deliberately increased during
the deposition process, it could locally increase due to ion
impingement on the surface; the temperature rise is expected to be
no more than 200 �C above room temperature. The thickness of the
a-C:H:Si:O coating deposited on silicon wafers was 2 mm, while it
was 1 mm for the films deposited on 304 stainless steel disks. The
film density, determined by X-ray reflectivity, was 1.8± 0.1 g/cm3.

Before depositing any film on 304 stainless steel, the disks were
mechanically ground using silicon carbide papers and polished
using 3 mm diamond paste on polishing cloths. The disks were then
rinsed with ethanol and ultrasonically cleaned in ethanol for
10min. An in situ plasma etching with argon gas was performed
just before starting the deposition of the a-C:H:Si:O coating.

Hydrogen-terminated ultrananocrystalline diamond (UNCD
Aqua 25, Advanced Diamond Technologies, Romeoville, IL, USA)
and freshly cleaved highly ordered pyrolytic graphite (HOPG, grade
2, SPI Supplies, West Chester, PA, USA) were used as reference
compounds for near edge X-ray absorption fine structure (NEXAFS)
spectroscopic measurements.

2.2. Methods

2.2.1. Exposure to the Low Earth Orbit environment aboard the
International Space Station

The Materials International Space Station Experiments (MISSE)
project is a series of spacecraft experiments performed on the
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International Space Station (ISS) with the aim to investigate the
performance and durability of materials and devices exposed to the
harsh conditions of the Low Earth Orbit (LEO) environment. During
the seventh MISSE mission (MISSE-7b), eight pin-on-disk trib-
ometers were delivered to the ISS [44]. These tribometers were
launched on November 16th, 2009 aboard the STS-129 Shuttle
Atlantis and recovered on June 1st, 2011 aboard the STS-134 Shuttle
Endeavour. The principle and design of these tribometers is re-
ported in Ref. [44].

A 1 mm-thick a-C:H:Si:O coating deposited on 304 stainless steel
was tested on one of the four tribometers on the wake face (i.e.,
trailing surface). The countersurface was a 440C steel ball with a
radius of 1.6mm. The applied normal load during the tribological
tests was 1 N, whereas the sliding speed was 13.2± 0.1mm/s [44].
The experimental protocol employed for running tribological ex-
periments during the MISSE-7b mission is described in Ref. [44].
Briefly, over the first week in the low Earth orbit (LEO) tribological
data were collected during the following orbits: 1st, 2nd, 5th, 10th,
20th, 50th and 100th. After the first week on orbit, the experiments
began to run once every 100 orbits for the rest of the MISSE-7b
mission. On a given orbit, the tribometer ran 16 one-minute tests
equally spaced throughout the orbit. Each one-minute tribotest
starts with an unloading period to zero the normal and lateral
forces, allowing thermal drifts to be taken into account. After
zeroing the forces, seven complete revolutions were performed
clockwise, which were followed by seven complete revolutions in
the counterclockwise direction. Finally, the tribometer was unloa-
ded and the force transducers collected data to measure any drift in
the force signals.

Before being launched and delivered to the ISS in 2009, the
tribometers were run in the Marshall clean room at the National
Aeronautics and Space Administration (NASA) laboratories after
being assembled and integrated on the MISSE-7b platform (called
Passive Experiment Container (PEC)). The relative humidity (RH)
during these ground experiments was between 22 and 24%. In the
case of the a-C:H:Si:O coating, this testing lasted 67 cycles (equal to
a sliding distance of 53m), over which an average coefficient of
friction of 0.18 was measured [44].

The average atomic oxygen fluence on wake facing samples of
MISSE 7 was estimated to be 2.9± 0.3� 1020 cm�2 as measured by
erosion of exposed polymer samples [45].

After being recovered, the tribometers were disassembled in the
Marshall clean room at the NASA laboratories. The a-C:H:Si:O
specimenwas wrapped in aluminium foil and sent to the University
of Pennsylvania in a nitrogen-purged plastic bag for surface-
analytical investigations.

In this study the outcomes of the characterization of the non-
contact region exposed to the harsh conditions of the LEO envi-
ronment is presented.

2.2.2. Annealing experiments
To investigate the structural evolution of a-C:H:Si:O vs. tem-

perature under high vacuum conditions, heating experiments were
performed inside the X-ray photoelectron spectrometer (XPS)
chamber or the near edge X-ray absorption fine structure (NEXAFS)
spectroscopy endstation at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory (Upton, NY, USA). All ex-
periments were carried out using a-C:H:Si:O films (thickness:
2 mm) deposited on silicon wafers.

As for the annealing experiments performed inside the XPS
chamber, the samples (6� 6mm2) were mounted in a holder (RHK
Technology, Inc., Troy, MI, USA) that included a tungsten filament
for radiative heating and a K-type thermocouple in contact with the
sample for recording specimen temperature. The standard devia-
tion of the annealing temperature was always below 0.5 �C. The
films were annealed in progressive steps from 150 �C to 500 �C at
50 �C intervals for 1 h and cooled after each anneal (heating and
cooling rate: 10 �C/min). The XPS spectra, whose acquisition
required approximately 9 h, were collected after cooling the sample
to below 40 �C after each heating step.

As for the experiments carried out in the NEXAFS endstation
chamber, the samples (~8� 8mm2) were mounted on a custom-
made holder that included a tungsten filament for heating and a
K-type thermocouple in contact with the sample for recording
specimen temperature. The standard deviation of the annealing
temperature was always below 2 �C. The films were annealed in
progressive steps from 150 �C to 450 �C at 100 �C intervals for 1 h.
Since the acquisition of NEXAFS data only required 5min, the
spectra were collected without cooling the sample to room tem-
perature (i.e., they were acquired at elevated temperature).

To investigate the surface structural evolution and chemical
changes of a-C:H:Si:O vs. temperature under aerobic conditions
heating experiments were performed using hot plates. All tests
were performed using a-C:H:Si:O films (thickness: 2 mm) deposited
on silicon wafers. The samples (~1� 1 cm2) were annealed at
150 �C, 250 �C, 350 �C, and 450 �C for 1 h. To monitor specimen
temperature, a K-type thermocouple was put in contact with the
sample surface. The standard deviation of the annealing tempera-
ture was 3 �C. The relative humidity (27± 3%) was continuously
monitored during the annealing experiments (Humidity Meter 11-
661-21, Fisher Scientific, Waltham, MA, USA). After being annealed,
the specimens were cooled down for 30min and then character-
ized by multiple analytical techniques.

2.2.3. X-ray photoelectron spectroscopy (XPS)
The chemistry of the near-surface region of a-C:H:Si:O was

investigated by X-ray photoelectron spectroscopy (XPS) using a
customized XPS spectrometer, extensively described in Ref. [46].
Briefly, the XP-spectrometer is equipped with a monochromatic Al
Ka X-ray source with a beam diameter of 1� 3mm2. The photo-
electrons emitted from the specimen are collected with an elec-
trostatic lens, whose axis is normal to the sample surface. After
passing the hemispherical analyser, the photoelectrons are detec-
ted by a two-dimensional MCP/CCD detector.

In the present work, the X-ray source was run at 30mA and
12 kV, whereas the analyser was operated in constant-analyser-
energy (CAE) mode. Survey spectra were acquired with the pass
energy and step size equal to 200 eV and 1 eV, respectively. For the
high-resolution (HR) spectra, the pass energy and step size were,
respectively, 100 and 0.05 eV (full width at half maximum (FWHM)
of the peak height for the Ag 3d5/2 equal to 0.57 eV). The curved slit
at the entrance of the hemispherical analyser has a width of
0.8mm. The residual pressure in the analysis chamber was always
below 1� 10�6 Pa. The spectrometer was calibrated according to
ISO 15472:2001 with an accuracy better than ±0.05 eV. The high-
resolution spectra were processed using CasaXPS software
(v2.3.16, Casa Software Ltd., Wilmslow, Cheshire, U.K.). An iterated
Shirley-Sherwood background subtractionwas applied before peak
fitting using a linear least-square algorithm [47]. No sample
charging was ever observed, as determined by checking the posi-
tion of the carbon (C 1s) signal and of the valence band (this is
expected since the samples have moderate electrical conductivity).

The quantitative evaluation of XPS data, as described in
Refs. [48,49], was based on the integrated intensity (i.e., the peak
area in Cps x eV obtained from the original spectra after back-
ground subtraction and curve synthesis) using a first principles
model and applying Powell's equations [50]. The inelastic mean
free path (the mean distance travelled by electrons with a given
kinetic energy (KE) between inelastic collisions in thematerial [51])
was calculated using the TPP-2M formula [52].



F. Mangolini et al. / Carbon 130 (2018) 127e136130
All the XPS results reported herein are mean values calculated
from at least three independent measurements, with the corre-
sponding standard deviation reported.
2.2.4. Near edge X-Ray absorption fine structure (NEXAFS)
spectroscopy

Near edge X-ray absorption fine structure (NEXAFS) spectro-
scopic measurements were performed at the NIST/Dow endstation
of beamline U7A and at the Oak Ridge National Laboratory end-
station of beamline U12A at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory (Upton, NY, USA). The
photon source of these beamlines is a bending magnet, and covers
an energy range from 180 to 1100 eV for U7A and from 100 to
800 eV for U12A. The photon flux is 2� 1011 photons/second/0.1%
bandwidth, and the resolution (DE/E) is ~1� 10�3. All measure-
ments were carried out in partial electron yield (PEY) mode and at a
photon incidence angle of 55� with respect to the sample source
(the so-called “magic angle”) to suppress the effects related to the
X-ray polarization [53]. For the experiments described here, the
entrance grid bias (EGB) of the channeltron detector was set
to �225 V at U7A and to �230 V at U12A to enhance surface
sensitivity and minimize the detection of Auger electrons that
suffered from energy loss while travelling through the sample
before being emitted into the continuum. The monochromator
energy was calibrated using the carbon 1s-p* transition of freshly-
cleaved highly ordered pyrolytic graphite (HOPG, grade 2, SPI
Supplies, West Chester, PA, USA), located at 285.5 eV. The spectra
acquired at U7A were first normalized to the absorption current
measured simultaneously from a gold mesh placed in the beamline
upstream from the analysis chamber. As for the spectra acquired at
U12A, they were first normalized to the absorption current
measured under the same experimental conditions on a sputter-
cleaned platinum sample. After this pre-edge normalization, the
spectra were normalized based on the absorption intensity in the
post-edge (continuum) region (at 320 eV). In this way, variations in
spectral intensity only arise from chemical changes and are inde-
pendent of the number density of absorbing atoms. Since the an-
alyses carried out at U7A and at U12A provided comparable results,
only the spectra acquired at the former beamline are displayed in
the present work.

Since the a-C:H:Si:O samples under investigation were exposed
to air before the NEXAFS analyses, the as-acquired C 1s NEXAFS
spectra are a convolution of the spectrum of a-C:H:Si:O and the
spectrum of the adventitious carbon contamination on the a-
C:H:Si:O surface since the thickness of the latter (<1 nm, calculated
from XPS data) is smaller than the information depth at the carbon
1s (usually less than 5 nm [53]). To remove the contribution of the
carbonaceous contamination layer from the as-acquired C 1s
NEXAFS spectra, the method outlined in Ref. [54] was applied.
Briefly, the method relies on the subtraction of the NEXAFS spec-
trum of the carbonaceous contamination layer adsorbed on a
reference surface (i.e., gold) from the as-acquired spectrum of the
air-exposed sample under investigation (i.e., a-C:H:Si:O), where the
thickness of the contamination layer is independently determined
by XPS. The removal of the contribution of the contamination layer
from the as-acquired NEXAFS spectra allowed the intrinsic photo-
absorption NEXAFS spectra of a-C:H:Si:O to be computed.

The quantitative evaluation of the fraction of sp2-bonded carbon
in the specimens on the basis of NEXAFS data (corrected for the
contribution of the contamination layer) was performed using the
procedure described in Ref. [55]. The methodology is based on the
relative integrated intensity ratios of the C 1s /p* and C 1s/s*
peaks for the sample under investigation and for a reference
specimen:
fsp2 ¼ Ip
*

sam Iref ðDEÞ
IsamðDEÞ Ip*

ref

(1)

where Ip
*

sam and Ip
*

ref are, respectively, the areas of the C 1s/p* peaks
for the sample and the reference, whereas IsamðDEÞ and Iref ðDEÞ are
the areas under the NEXAFS spectrum between 288.6 eV and
320 eV for the sample and the reference, respectively. As a refer-
ence, the spectrum of freshly-cleaved HOPG (100% sp2-bonded
carbon) sample was acquired with the X-ray beam incident at an
angle of 40� to the sample surface to account for the cos2(Q) (Q
angle between the X-ray beam and the sample surface) angular
dependence of the p* and s* resonance intensity [53] as well as for
the polarization factor of the impinging X-rays [55].

All the NEXAFS results reported herein are mean values calcu-
lated from at least three independent measurements, with the
corresponding standard deviation reported.

2.2.5. Raman spectroscopy
Raman spectrawere acquired using a near-field scanning Raman

spectrometer (NT-MDT NTGRATM Spectra Upright, NT-MDT Co.,
Moscow, Russia). A continuous wave diode-pumped solid-state
laser (Compass 315M-100, Coherent Inc., Santa Clara, CA, USA)
provides linearly polarized (transverse electromagnetic mode:
TEM00) light with wavelength and power of 532 nm and 22mW,
respectively. The laser output enters the spectrometer through a
single-mode optical fibre. After being expanded, the laser beam is
focused by a long-working-distance objective (magnification:
100�, numerical aperture: 0.7, Mutotoyo, Kanagawa, Japan) on the
sample surface. Light scattered from the sample is collected by the
same optics and directed into the grating of the Raman spectrom-
eter. An edge filter is employed for suppressing the Rayleigh scat-
tered light. The photons from the selected part of the
electromagnetic spectrum are then collected by a
thermoelectrically-cooled (working temperature equal to �60 �C)
charge-coupled detector (CCD) (Andor DV420, AndorTM Technol-
ogy, Belfast, Northern Ireland). The point of analysis can be defined
using a white-light CCD camera, which offers, together with the
long-working-distance objective, a magnified live image of the
sample surface. The laser beam has a diameter of 1 mm. Data
acquisition is performed using Nova Software (v.1.1.0.1812, NT-MDT
Co., Moscow, Russia). In the present work, all Raman spectra were
recorded with a laser power of 60 mW to avoid any sample damage
and within a spectral range of 278e2676 cm�1. A 600 lines/mm
grating provided a spectral resolution better than 2 cm�1. The
calibration of the spectrometer was checked with freshly cleaved
highly ordered pyrolytic graphite (HOPG, grade 2, SPI Supplies,
West Chester, PA, USA) (E2g mode (G band) at 1580 cm�1). All the
Raman spectra presented in the paper are reported without any
correction, i.e., as-acquired. Raman spectroscopic measurements
were carried out on several points to check lateral homogeneity.

2.2.6. Attenuated total reflection fourier-transform infrared
spectroscopy

Attenuated total reflection Fourier-transform infrared spec-
troscopy (ATR/FT-IR)measurements were carried out with a Nicolet
8700 Fourier Transform Infrared spectrometer (Thermo Electron
Corporation, Madison, WI, USA) equipped with a SeagullTM ATR
unit (Harrick Scientific Products, Inc., Pleasantville, NY, USA)
mounting a Ge ATR crystal. ATR/FT-IR spectra were acquired in a
spectral range between 4000 and 650 cm�1 with a resolution of
4 cm�1. The angle of incidence of the IR beam on the Ge ATR crystal
was 45�. The spectra were processed with OMNIC software (V7.2,
Thermo Electron Corporation, Madison, WI, USA). A background
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correction was always applied to the experimental spectra using
the single beam spectrum of the ATR crystal collected before each
experiments. The ATR/FT-IR spectra are reported without any
baseline and ATR correction, i.e., as-acquired.

2.2.7. Electron microscopy
To quantify any variation in the thickness of a-C:H:Si:O films

upon annealing, cross-section scanning electron microscopy (X-
SEM) measurements were performed using a FEI Quanta 600 FEG
Mark II Environmental Scanning Electron Microscope (FEI, Hills-
boro, OR, USA).

To investigate the structural variations in the near-surface re-
gion of a-C:H:Si:O upon annealing, cross-section transmission
electronmicroscopy (X-TEM)measurements were carried out using
a JEOL 2010F TEM (JEOL USA, Peabody, MA, USA) with a field-
emission source with an acceleration voltage of 200 kV. The TEM
lamellas were prepared using a dual beam SEM/focused ion beam
(FIB) system (FEI Strata DB235 FIB, FEI, Hillsboro, OR, USA). Before
creating trenches using Gaþ ion beammilling, platinum layers were
deposited by electron beam- and ion beam-induced deposition to
protect the sample near-surface region from beam damage. After
lift-out, TEM lamellas were first attached to a copper TEM half grid
(Ted Pella Inc., Redding, CA, USA) by local platinum welding and
then thinned using a lower Gaþ ion beam current.

To accurately measure the thickness of a-C:H:Si:O film before
and after annealing, the samplewas tilted inside the TEM (in step of
5�). The average film thickness was then computed together with
the corresponding standard deviation.

3. Results and discussion

First, as-deposited a-C:H:Si:O films were analysed to determine
their chemical composition and structure prior to exposure to
harsh environments. X-ray photoelectron spectroscopy (XPS)
allowed the composition of the near-surface region to be calcu-
lated: [C]¼ 83.3± 0.6 at.%; [O]¼ 7.6± 0.4 at.%; [Si]¼ 9.1± 0.5 at.%.
Since XPS does not allow for the detection of hydrogen [56],
Rutherford backscattering spectrometry/hydrogen forward scat-
tering (RBS/HFS) and secondary ion mass spectrometry (SIMS)
measurements were also performed (Evans Analytical Group, USA)
[57]. The bulk composition of as-deposited a-C:H:Si:O determined
by RBS/HFS was: [C]¼ 57± 3 at.%; [O]¼ 3± 1 at.%; [Si]¼ 6± 1 at.%;
[H]¼ 34± 3 at.% [57]. The RBS/HFS results agreed well with SIMS
data, fromwhich the bulk composition of as-grown a-C:H:Si:O was
computed: [C]¼ 57.5± 0.4 at.%; [O]¼ 2.5± 0.3 at.%;
[Si]¼ 6.2± 0.3 at.%; [H]¼ 33.7± 0.4 at.% [57]. The comparison be-
tween XPS (information depth for electrons with kinetic energy
equal to 1383 eV travelling in a-C:H:Si:O: 9.5 nm, calculated using
the TPP-2M formula [52]) and RBS/HFS (bulk sensitive) results
indicated a good agreement between [C]/[Si] ratios, while a higher
[O]/[Si] ratio in the case of XPS data, thus suggesting the presence of
an oxidized near-surface layer. High-resolution XPS measurements
indicated that silicon is present in different oxidation states
(from þ1 to þ4) in the as-grown material (Fig. S1a, Supporting
Information, SI), whereas angle-resolved XPS revealed the absence
of any compositional gradient as a function of depth from the
sample surface (not shown) in the volume probed by XPS. To gain
insights into the local structure and bonding configuration of the
elements in a-C:H:Si:O, nuclear magnetic resonance (NMR) spec-
troscopymeasurements were also performed [58]. The NMR results
indicated that as-deposited a-C:H:Si:O has long-range structural
disorder, and is formed by a fully amorphous phase without any
clustering or segregation.

Next, to investigate the structural evolution of a-C:H:Si:O vs.
temperature under high vacuum conditions, heating experiments
were performed inside the XPS chamber or the near edge X-ray
absorption fine structure (NEXAFS) spectroscopy endstation. Upon
heating at temperatures above 200 �C under high vacuum condi-
tions, the composition of a-C:H:Si:O slightly changed, namely [C]
decreased, while [O] increased (Fig. S1c, SI). This can be due to the
reaction of a-C:H:Si:O with adsorbed water or residual oxygen/
water in the XPS chamber. Furthermore, the analysis of the Si 2p
spectra revealed a slight increase in the relative fractions of silicon
in higher oxidation states (þ3 and þ 4) compared to lower oxida-
tion states with the annealing temperature (Fig. S1a and Fig. S1b,
SI), which might be due to the breakage of silicon-carbon bonds (as
suggested by near edge X-ray absorption fine structure (NEXAFS)
spectroscopy analyses e described in the following) and silicon-
hydrogen bonds (as suggested by ex situ infrared spectroscopic
measurements e Fig. S2, SI), as well as to the reaction with adsor-
bed water or residual oxygen/water in the XPS chamber.

To quantitatively investigate in situ the changes in bonding
configuration of carbon in a-C:H:Si:O as a function of temperature
under high vacuum conditions, NEXAFS spectroscopic measure-
ments were performed. Fig. 1 shows the NEXAFS spectra obtained
at the C 1s for as-deposited and in situ annealed a-C:H:Si:O samples
(the data has been corrected for the contribution of the contami-
nation layer following the method outlined in Ref. [54]). The
NEXAFS spectrum of as-deposited a-C:H:Si:O exhibited a broad
hump between 288 and 310 eV, which is due to the C 1s/s*
transition for disordered carbon-carbon s bonds [53,59], and an
absorption feature at 285.0 ± 0.1 eV, which is due to the C 1s/p*
transition for disordered carbon-carbon bonds [53,59] and whose
intensity correlates with the fraction of sp2-bonded carbon in the
near-surface region [54,55,59e61]. The presence of carbon-
hydrogen and carbon-silicon bonds in a-C:H:Si:O also resulted in
the detection of distinct absorption features at 287.0 ± 0.1 eV
(assigned to the C 1s/s* transition for C-H bonds [53,54,61]) and
288.9 ± 0.1 eV (C 1s/s* transition for C-Si bonds [62]). Upon
annealing, the intensity of the peak at 285.0± 0.1 eV progressively
increased while the intensity of the absorption feature at
288.9± 0.1 eV decreased, indicating, respectively, an increase in the
fraction of sp2-bonded carbon and the breakage of carbon-silicon
bonds in the near-surface region. The peak at 287.0 ± 0.1 eV also
changed at elevated temperatures: its intensity first increased upon
annealing at 150 �C, which might be due to hydrogen diffusion to
the near-surface region upon low temperature annealing, and then
progressively decreased, which suggests the scission of carbon-
hydrogen bonds upon annealing. The computation of difference
NEXAFS spectra between subsequent annealing steps, besides
supporting these spectral variations, allowed the detection of a
progressive increase in intensity on the high photon energy side (at
~285.5 eV) of the peak assigned to the C 1s/p* transition for
disordered carbon-carbon bonds (Fig. S3, SI), which indicates an
increase in the degree of ordering of the sp2 bonds [53,59], in
agreement with the outcomes of ex situ Raman measurements
(Fig. S4, SI).

The fraction of sp2-hybridized carbon calculated from the
NEXAFS spectra following the method reported in Ref. [55] is
shown as a function of annealing temperature in the inset of Fig. 1.
For comparison, Fig. 1 also displays the evolution of the fraction of
sp2-bonded carbon for a-C:H thin films observed under similar
experimental conditions (the as-deposited a-C:H film has a fraction
of sp2-bonded carbon comparable to the one of a-C:H:Si:O as well
as a similar hydrogen content to a-C:H:Si:O, i.e., 26± 3 at.% for a-
C:H and 34± 3 at.% for a-C:H:Si:O). We then assumed the trans-
formation of sp3-to sp2-hybridized carbon to be governed by first
order reaction rate theory, as suggested by Sullivan et al. [63]. The
resulting model, which develops an expression for the conversion
of sp3-to sp2-bonded carbon as a function of time and temperature



Fig. 2. (a) High-resolution Si 2p XPS spectra of the a-C:H:Si:O sample acquired before
annealing, and after annealing at different temperatures under aerobic conditions
(RH¼ 27± 3%); (b) ratio between silicon and carbon concentrations in a-C:H:Si:O ([Si]/
[C]) and between oxygen and carbon concentrations in a-C:H:Si:O ([O]/[C]) vs.
annealing temperature under aerobic conditions (note the logarithmic y-axis). These
ratios varied to a much lower extent upon annealing under high vacuum conditions
(Fig. S1e); (c) ratio between oxygen and silicon concentrations in a-C:H:Si:O ([O]/[Si])
as well as relative concentration of silicon in its highest oxidation state (þ4) vs.
annealing temperature under aerobic conditions, indicating the formation of a silica
surface layer upon annealing. These ratios varied to a much lower extent upon
annealing under high vacuum conditions (Fig. S1b and Fig. S1d). (A colour version of
this figure can be viewed online.)

Fig. 1. (a) C 1s NEXAFS spectra of a-C:H:Si:O acquired before annealing, and after
annealing at different temperatures under high vacuum conditions. The C 1s spectra of
reference samples (i.e., HOPG and UNCD) are also displayed (dashed lines). Spectra are
pre- and post-edge normalized as well as offset for clarity; (b) zoomed view of the
absorption edge region of the C 1s NEXAFS spectra. Spectra displayed without any
offset to allow for comparisons. Inset: fraction of sp2-hybridized carbon vs. annealing
temperature calculated from NEXAFS spectra. For comparison the evolution of the
fraction of sp2-bonded carbon for a-C:H thin films under similar experimental con-
ditions is also displayed (note: the as-deposited a-C:H film has a fraction of sp2-bonded
carbon comparable to the one of a-C:H:Si:O as well as a similar hydrogen content to a-
C:H:Si:O, i.e., 26 ± 3 at.% for a-C:H and 34± 3 at.% for a-C:H:Si:O [15]). (A colour version
of this figure can be viewed online.)
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[63] (Equation (1)), includes a distribution of activation energies for
sp3-to-sp2 conversion of carbon hybridization as a consequence of
bond length and angle disorder in amorphous carbon-based
materials:

sp2ðt; TÞ ¼ sp2ð0;RTÞ þ sp3ð0;RTÞ
Z

NðEaÞ
2
41

� exp

0
@Zt

0

�y0 exp
�
� Ea
kBT

�
dt

1
A
3
5dEa (2)

where sp2(0,RT) is the fraction of sp2 carbon for unannealed a-
C:H:Si:O (or a-C:H), sp3(0,RT) is the fraction of sp3 carbon for
unannealed a-C:H:Si:O (or a-C:H), N(Ea) is the probability distri-
bution of the sp3 fraction versus activation energy (Ea), y0 is the
attempt frequency typical for solid state reactions (chosen to be
1013 s�1) [63], and kB is Boltzmann's constant. N(Ea)was assumed to
be a Gaussian distribution and was normalized to set its area equal
to 1.

The variation of sp2 fractions vs. annealing temperature calcu-
lated on the basis of NEXAFS spectra (or XPS spectra in the case of a-
C:H [15]) was fit with Equation (1) using the mean and standard
deviation of the Gaussian distribution as fitting parameters (Fig. S5,
SI). The fit of the present data yielded an activation energy distri-
bution (mean value± standard deviation) for sp3-to-sp2 conversion
of 2.6± 1.2 eV in a-C:H (correlation coefficient: 0.81) [15] and of
3.0± 1.1 eV in a-C:H:Si:O (correlation coefficient: 0.99). These en-
ergy ranges are lower than the ones calculated for the sp3-to-sp2

conversion of carbon-carbon bonds in hydrogen-free highly sp3-
bonded amorphous carbon (tetrahedral amorphous carbon, ta-C),
which were calculated to be 3.5± 0.9 eV by Grierson et al. on the
basis of NEXAFS measurements [60] and 3.3 eV by Ferrari et al. on
the basis of Raman data [64]. Even though the result of the analysis
suggests that both a-C:H and a-C:H:Si:O are less thermally-stable
than ta-C, which is extremely thermally stable [18], they indi-
cated that introducing silicon and oxygen in a-C:H at the modest
levels of, respectively, 6± 1 at.% and 3± 1 at.% affects the energetics
of the sp3-to-sp2 conversion of carbon hybridization and slightly
increases the thermal stability of a-C:H:Si:O compared to a-C:H in
high vacuum.

The investigation of the chemical changes and structural
transformations occurring in the near-surface region of a-C:H:Si:O
under aerobic conditions (RH¼ 27± 3%) revealed that surface
processes in a-C:H:Si:O are strongly influenced by environmental
conditions. Upon annealing under aerobic conditions, a progressive
shift of the Si 2p signal towards higher binding energies was
observed (Fig. 2a and Fig. S6, SI), which resulted in an increase in
the relative fraction of silicon in its highest oxidation state (þ4)
(Fig. 2c). At the same time, significant changes in the composition of
the near-surface region, namely an increase of the [Si]/[C] and [O]/
[C], occurred (Fig. 2b and Fig. S6, SI). This was accompanied by an
increase in the ratio between oxygen and silicon in a-C:H:Si:O ([O]/
[Si]), whose value was close to 2 at temperatures above 350 �C
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(Fig. 2c).
Despite the significant carbon depletion upon annealing under

aerobic conditions, the intensity of the Raman signal for a-C:H:Si:O
annealed at 450 �C under aerobic conditions (Fig. S4b) did not
decrease. This indicates the preservation of the carbon concentra-
tion within a larger volume compared to the one probed by XPS
(the optical mean free path at 514.5 nm wavelength for a-C:H:Si:O
films was reported by Scharf et al. to be 245± 26 nm [65], whereas
the information depth for electrons with kinetic energy equal to
1202 eV travelling in SiO2 is 10.4 nm, calculated using the TPP-2M
formula [52]).

This latter finding about the preservation of the carbon content
within the bulk of a-C:H:Si:O is corroborated by cross-section
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Cross-sections were prepared using a focused
ion beam lift-out method, and the film thickness of a-C:H:Si:O was
measured before and after heating at 450 �C under aerobic condi-
tions (Fig. 3). The results showed no significant change in film
thickness upon annealing (thickness of unannealed a-C:H:Si:O:
1.97± 0.04 mm vs. thickness of a-C:H:Si:O annealed at 450 �C in
high vacuum: 1.94± 0.04 mm vs. thickness of a-C:H:Si:O annealed at
450 �C under aerobic conditions: 1.98± 0.03 mm). Cross-section
TEM measurements (Fig. 3) also revealed that, while no signifi-
cant changes occurred in a-C:H:Si:O upon annealing in high vac-
uum, upon annealing under aerobic conditions a surface layer
(thickness: 121± 1 nm) is formed on a-C:H:Si:O. This layer has a
higher concentration of silicon and oxygen than the bulk of the
material (EDS analyses, not shown). These findings strongly
differentiate the behaviour of a-C:H:Si:O from the behaviour of
undoped a-C:H at elevated temperatures in aerobic conditions. The
occurrence of thermo-oxidative reactions in the near-surface re-
gion of undoped a-C:H was shown to result in a significant reduc-
tion in the thickness of the films: the erosion rate of a-C:H films
deposited by plasma-enhanced chemical vapour deposition was
estimated by Pathem et al. to be approximately 2.9 nmmin�1 at
500 �C [21], whereas Zhang et al. measured an erosion rate of
approximately 6.4 nmmin�1 at 500 �C for a-C:H films deposited by
magnetron sputtering [22].

Altogether, the results presented above suggest that annealing
a-C:H:Si:O at elevated temperatures under aerobic conditions leads
to carbon volatilization strictly limited to the near-surface regions
with the formation of a silica surface layer approximately 121 nm
thick. This prevents the remaining underlying carbon phase from
volatilization by reaction with oxygen and/or water in the envi-
ronment. The incorporation of silicon and oxygen in a-C:H thus
enhances the thermo-oxidative stability compared to undoped a-
C:H via a self-protecting route for carbon oxidation by creating an
Fig. 3. Cross-section SEM and TEM analysis of a-C:H:Si:O before (a), and after annealing at 4
the a-C:H:Si:O sample annealed at 450 �C under aerobic conditions, a surface layer (thickne
material is formed. (A colour version of this figure can be viewed online.)
oxygen diffusion barrier.
Finally, a-C:H:Si:O was tested after exposure to the LEO envi-

ronment. Since a-C:H:Si:O films have been shown to exhibit good
tribological performance across a broader range of conditions and
environments compared to a-C:H films [30e32], it is a promising
candidate solid lubricant for aerospace and other applications.
However, the critical impact that a tribological failure can have on
spacecraft components, which could prevent the desired mission
from being accomplished, makes lubricants for space applications
one of the key elements to be tested [66,67]. To investigate the
effects of exposure of a-C:H:Si:O to the harsh conditions of the LEO
environment (Fig. 4a), a 1-mm thick a-C:H:Si:O coating deposited
on 304 stainless steel was mounted on one of the four tribometers
delivered to the International Space Station (ISS) during the sev-
enth Materials International Space Station Experiments (MISSE-7b)
[44]. These tribometers, which were placed on the wake face (i.e.,
trailing surface), were launched on November 16th, 2009 aboard
the STS-129 Shuttle Atlantis and recovered on June 1st, 2011 aboard
the STS-134 Shuttle Endeavour. Even though the MISSE-7b plat-
form (also called the passive experiment carrier, PEC), onwhich the
tribometers were mounted, was placed on the wake face, it was
exposed to the harsh conditions of the ram face for short periods of
time during the “space rendezvous”, i.e., the orbital manoeuvre
during which the Space Shuttle approaches the ISS.

In total, this overall exposure history significantly affected the
surface chemistry of a-C:H:Si:O. Upon exposure to the LEO envi-
ronment, the Si 2p signal shifted towards higher binding energies
(Fig. 4b), which resulted in an increase in the relative fraction
(Fig. S7a, SI) of silicon in its highest oxidation state (þ4) in the
probed volume (i.e., the information depth for electrons with ki-
netic energy equal to 1383 eV travelling in SiO2 is 11.6 nm, calcu-
lated using the TPP-2M formula [52]). Additionally, the
composition of the near-surface region changed (Fig. S7b, SI): the
carbon concentration decreased, while the silicon and oxygen
concentration increased (ratio between oxygen and silicon in a-
C:H:Si:O: 1.96± 0.03). These findings suggest that the hyper-
thermal reactions of atomic oxygen (fluence: 2.9± 0.3� 1020 cm�2

[45]; mean kinetic energy: ~5 eV) with a-C:H:Si:O resulted in the
formation of a silica surface layer, which prevents the underlying
carbon phase from being further eroded by atomic oxygen. Signif-
icant amounts of silicon and oxygen contaminants are usually
found on LEO-exposed surfaces due to volatile silicone compounds
used in a variety of components (e.g., insulation blanket), which
react with atomic oxygen and form silica layers [68e70]. However,
the analysis of a copper tape mounted nearby the a-C:H:Si:O
sample (Fig. S8, SI) indicated that the thickness of this silicon- and
oxygen-rich contamination layer was less than 5.4 nm, i.e., much
50 �C in high vacuum (b) or under aerobic conditions (RH¼ 27± 3%) (c). In the case of
ss: 121± 1 nm) with higher [Si] and [O] (EDS analysis, not shown) than the bulk of the



Fig. 4. (a) Schematic of the International Space Station. During the seventh Materials International Space Station Experiments (MISSE-7b), eight pin-on-disk tribometers were
delivered to the International Space Station (ISS) [44]. These tribometers were launched on November 16th, 2009 aboard the STS-129 Shuttle Atlantis and recovered on June 1st,
2011 aboard the STS-134 Shuttle Endeavour. The principle and design of these tribometers is reported in Ref. [44]. A 1 mm-thick a-C:H:Si:O coating deposited on 304 stainless steel
was tested on one of the four tribometers on the wake face (i.e., trailing surface), where it was exposed to the harsh conditions of the LEO environment (hyperthermal atomic
oxygen, thermal cycling, ultraviolet radiation, debris/meteoroid impacts) [14,68,69]; (b) Si 2p XPS spectra of as-received a-C:H:Si:O and a-C:H:Si:O after exposure to the LEO
environment. (A colour version of this figure can be viewed online.)
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thinner than the modified surface layer formed on a-C:H:Si:O.
These findings suggest that silicone contaminants may contribute
to the formation of a silica layer on a-C:H:Si:O, but the XPS char-
acterization of the near-surface region of a-C:H:Si:O clearly in-
dicates that this silica layer is also the result of the degradation of a-
C:H:Si:O upon exposure to the harsh conditions of the LEO envi-
ronment, which occurs through the breakage and subsequent
oxidation of carbon-carbon bonds.

Altogether, the results presented in the work suggest that the
incorporation of silicon and oxygen in a-C:H improves its thermo-
oxidative stability and resistance to the harsh LEO conditions
through a self-protecting mechanism based on the formation of an
oxygen diffusion barrier made of SiO2, which prevents the under-
lying carbon from being further eroded. Materials in their higher
oxidation state (e.g., SiO2 or Al2O3) have been applied as thin
coatings to protect other forms of carbon, such as polymers, from
thermo-oxidative degradation or attack by atomic oxygen [71,72].
The findings reported here demonstrate that the introduction of
silicon and oxygen into a-C:H can be an effective method to in-
crease the stability at elevated temperatures in aerobic environ-
ment and resistance to the harsh conditions of the Low Earth Orbit
without the need to depositing any overlayer of SiO2 or Al2O3. The
findings also demonstrate the increased stability of the entire film
at elevated temperatures in high vacuum compared to a-C:H due to
the inclusion of Si and O. This would not be achievable with the
deposition of oxygen diffusion barriers on undoped a-C:H.
4. Conclusions

In summary, our study demonstrates that the introduction of
small amounts of silicon (6± 1 at.%) and oxygen (3± 1 at.%) in a-C:H
moderately enhances the thermal stability under high vacuum
conditions, but tremendously increases the thermo-oxidative sta-
bility and the resistance to the harsh conditions of the LEO envi-
ronment. Under high vacuum conditions, the presence of silicon
and oxygen in a-C:H:Si:O results in a higher activation energy for
the conversion of sp3-to sp2-bonded carbon compared to the acti-
vation energy for the same structural transformation in a-C:H.
Exposing a-C:H:Si:O either to elevated temperatures under aerobic
conditions or to the harsh LEO conditions leads to carbon volatili-
zation in the near-surface region with the formation of a silica
surface layer, which protects the underlying carbon phase from
further erosion. These findings provide guidance to develop stra-
tegies for rationally designing novel carbon-based materials that
can withstand harsh environmental conditions.
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