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An amorphous silicon carbonitride (Si1�x�yCxNy, x� 0:43, y� 0:31) coating was deposited on polyimide

substrate using themagnetron-sputteringmethod. Exposure tests of the coated polyimide in atomic oxygenbeamand

vacuumultraviolet radiationwere performed in a ground-based simulator. Erosionkineticsmeasurements indicated

that the erosion yield of the Si0:26C0:43N0:31 coating was about 1:5� and 1:8 � 10�26 cm3=atom during exposure in

single atomic oxygenbeam, simultaneous atomic oxygenbeam, andvacuumultraviolet radiation, respectively. These

values were 2 orders of magnitude lower than that of bare polyimide substrate. Scanning electron and atomic force

microscopy, X-ray photoelectron spectrometer, and Fourier transformed infrared spectroscopy investigation

indicated that during exposures, an oxide-rich layer composed ofSiO2 andminor Si-C-O formedon the surface of the

Si0:26C0:43N0:31 coating, which was the main reason for the excellent resistance to the attacks of atomic oxygen.

Moreover, vacuum ultraviolet radiation could promote the breakage of chemical bonds with low binding energy,

such as C-N, C�N, and C-C, and enhance atomic oxygen erosion rate slightly.

Nomenclature

A = exposed area of materials, cm2

Ey = erosion yield of materials, cm3=atom
F = atomic oxygen flux, atoms=cm2 s
t = exposure time, s
�M = mass loss of materials, g=cm2

� = density of materials, g=cm3

I. Introduction

I N LOW-EARTH-ORBIT (LEO) space, highly reactive atomic
oxygen (AO) can cause severe damages of polymer materials,

such as mass loss and changes in optical, mechanical, electrical, and
chemical properties [1,2]. For most widely used polymers or
polymer-based composites, such as polyimide, their AO erosion
yield is in the order of 10�24 cm3=atom [3]. In LEO, vacuum ultra-
violet radiation (VUV) also results in degradation of these polymer
materials. It has been identified that AO is the most important factor
for degradation of space materials. In the coexistence of AO and
VUV radiation, AO attacks become more serious [4–6].

To improve AO resistance of space materials, various protective
coatings have been developed, including organic coatings (silicones,
fluoropolymers) [7], inorganic coatings (Al2O3, SiO2) [8], and
organic/inorganic hybrid coatings (so-called ceramers) [9,10].
Among these coatings, organic and organic/inorganic coatings have
an enhanced AO erosion resistance, good flexibility, and simple
processability. However, these two kinds of coatings may be
susceptible to VUV radiation and space debris collision. On the
contrary, inorganic coatings can provide excellent AO protection, are
very stable underVUV radiation. But this kind of coatings cracks and
fails easily due to their intrinsic brittleness. To solve this shortcoming

of inorganic coatings, fine grain coatings and multilayer coatings
with self-healing capability were proposed [11].Meanwhile, it is still
necessary to develop new inorganic coating systems with good
cracking resistance.

Recently, the Si-C-N system has drawn immense interest due to its
excellent chemical and mechanical properties [12,13]. In oxidative
environments, Si1�x�yCxNy shows good oxidation resistance due to
the formation of an entire oxide layer. The toughness of Si1�x�yCxNy

is 3:5 MPam1=2 [14], being greater than that of traditional oxides,
such as SiO2 (1:0 MPam1=2) andAl2O3 (2:7 MPam1=2).§ Therefore,
the Si1�x�yCxNy coating may display low crack tendency during
handling or loading, which may endow itself better AO resistance
than traditional inorganic coatings. On the other hand, the brittleness
of the Si1�x�yCxNy can be further improved by preparation of
polymeric method or adjusting its structure [15]. As a result, it is
potential for applications as AO resistant coating. However, there are
few reports about AO or VUV=AO resistance of Si1�x�yCxNy

coatings.
In the present work, an amorphous Si1�x�yCxNy (x� 0:43,

y� 0:31) coating was deposited on polyimide substrate using
magnetron-sputtering method. Subsequently, the protectiveness of
the Si0:26C0:43N0:31 coating was evaluated by AO=VUV exposure
tests in a ground-based LEO simulator. The VUV effects on AO
erosion of the Si0:26C0:43N0:31 coating were investigated.

II. Experimental Details

Si1�x�yCxNy coatings were prepared using amagnetron sputtering
system by reactive cosputtering two targets of silicon (purity
99.99%) and graphite (purity 99%) in Ar=N2 with a dc mode. The
contents of Si andC inSi1�x�yCxNy coatingwere adjusted by varying
the power density of Si and C targets, respectively. The setup of these
two targets is illustrated schematically in Fig. 1. Before deposition,
the polyimide substrate was cleaned with acetone and methanol, and
rinsedwith de-ionizedwater,finally driedwith clear air. By adjusting
the deposition conditions, Si1�x�yCxNy coatings with different Si, C,
andN content could be obtained. In this study, a Si1�x�yCxNy coating
deposited with high Si=C power ratio was selected for exposure test
due to its dense and uniform structure [15]. The corresponding
deposition conditions of this coating are listed in Table 1.

Surface compositions of the as-deposited Si1�x�yCxNy coatings
were determined by X-ray photoelectron spectrometer (XPS)
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analysis, and the value of x and y was 0.43 and 0.31, respectively.
Thus, the deposited coating was denoted as Si0:26C0:43N0:31.
Scanning electron microscope (SEM) observation indicated that
pinholes appeared on the sample surface when the thickness of the
Si0:26C0:43N0:31 coating was less than 0:2 �m. However, the density
of the pinholes decreased significantly with increasing the coating
thickness. When the thickness increases to 0:7 �m, the pinholes on
the coating surface have became undetectable. Therefore in this
experiment, the coating with thickness of 0:7 �m was used for
exposure tests due to its integrate and crack-free character.

The VUV=AO exposure tests were performed in a ground-based
LEO simulation facility. Details about this system have been
described elsewhere [16]. Briefly, a 2.45-GHz microwave source
with a power of 500 W was launched into the circular cavity to
generate electron convolution resonant (ECR) plasma. The oxygen
ions were forced to a negatively biased Mo plate under the confining
of a symmetrical magnetic mirror field, and then they were neu-
tralized and reflected to form the AO beam. Meanwhile, a deuterium
lamp with power of 30 W and wavelength of 114–200 nm was
installed in the vacuum chamber of the facility to produce VUV
radiation. The VUV intensity was about 0:4 W=�m2nm�, which is
approximately 5–7 suns. In exposure experiment, the negatively
biased voltage on the Mo plate was adjusted to produce a 5 eV-AO
beam. According to our previous work, the reflected VUV intensity
was significantly lower than the deuterium lamp-induced VUV
intensity [17]. Therefore, the reflectedVUVintensity could not affect
the VUVexposure significantly.

The effective flux of the produced AO beam was calibrated by
mass loss per unit area of a polyimide sample (marked as Kapton H),
which is accepted as currently standard for measuring the total
effective reactive particle fluence in space simulators. By comparing
themass loss generated during exposure in the simulator and the data
obtained on orbital exposure, the AO flux can be determined. Apart
from oxygen atoms, there may be other species existing in the
produced beam, such as oxygen ions and oxygenmolecules. Theflux
of oxygen ions in the AO beam was calibrated by a Langmuir probe,
and its value was about 2 orders of magnitude lower than the corre-
sponding AO flux. Therefore, the mass loss caused by oxygen ions is
almost in negligible level, and previous studies on this kind of
simulator indicated that the molecular oxygen exposure causes no
apparent mass loss of polyimide sample [18].

In this study, the exposure tests were carried out in three con-
ditions: exposure of VUV alone, exposure of AO alone, and
simultaneous AO, VUV exposure (AO� VUV). The AO flux and
VUV intensity were 4:5 � 1016 atoms=�cm2 � s� and 5 suns,
respectively.

During exposure, mass change of the as-deposited coatings was
periodically weighted by electronic microbalance with a sensitivity
of 10�5 g. Surfacemorphologies of the tested sampleswere observed
by SEM and atomic force microscope (AFM). The surface chemical
compositions of the samples were analyzed by XPS and Fourier
transformed infrared spectroscopy (FTIR).

III. Results and Discussion

A. Erosion Kinetics

Figure 2 displays the mass change of the Si0:26C0:43N0:31 coating
during exposure in VUV, AO, and AO� VUV. It can be seen that
exposure of VUValone caused no mass loss of the sample. A further
analysis of the exposed coating indicated that the surface mor-
phology and compositions had no alternation. Thus, the exposure of
VUV alone cannot induce erosion of the Si0:26C0:43N0:31 coating.
Details about the VUV effect would be discussed in Sec. III.D.
During AO and AO� VUV exposure, the mass of the Si0:26
C0:43N0:31 coating decreased apparently, and the erosion kinetics
almost followed a linear law in both conditions. The coating was
eroded as a constant rate, which is denoted as the erosion yield. The
erosion yield of the Si0:26C0:43N0:31 coating was determined by the
following equation:

Ey ��M=��AFt� (1)

In the exposure period with total AO fluence of 3:2�
1021 atoms=cm2, the average Ey was 1:5 � 10�26 and 1:8 �
10�26 cm3=atom in AO andAO� VUV exposure, respectively. The
existence of VUV radiation caused an increase of 20% for the AO
erosion yield. In any case, the Ey of the Si0:26C0:43N0:31 coating was
about 2 orders of magnitude lower than that of polyimide substrate
(3:0 � 10�24 cm3=atom). Therefore, the Si0:26C0:43N0:31 coating
could protect the polyimide substrate effectively from the attacks of
AO as well as AO� VUV.

At the initial stage of AO or AO� VUV exposure, the incident
oxygen atoms interacted with the Si0:26C0:43N0:31 coating and an
oxide-based layer formed on the coating surface. If only oxidation
process had occurred, the rate of mass loss would have decreased
with exposure time. But generally, the mechanism of AO erosion is
proposed as bombardment-induced and -enhanced surface chemical
etching. The bombardment ofAOwith high energyof about 5 eValso
causes mass loss (etching effect). For example, a linear mass loss can
be found on someAO inert oxide coatings, such as sol-gelAl2O3 and
SiO2 [19,20]. Because of the combining of oxidation induced
“surface conversion layer” growth and etching induced “surface
conversion layer” thinning, the AO erosion kinetics of the Si0:26

Fig. 1 Schematic illustration for the setup of sample and two targets

during deposition of Si1�x�yCxNy coatings.

Fig. 2 Erosion kinetics of the Si0:26C0:43N0:31 coating under AO

and AO� VUV exposure AO flux� 4:5 � 1016 atoms=�cm2 � s�,
VUV intensity� 5 suns.

Table 1 Deposition conditions of the Si0:26C0:43N0:31 coating

Conditions Values

Size of Si and C targets �60 mm
Bias voltage �120 V
Gas flow Ar: N2 � 20:10 �SCCM�
Working pressure 0.4 Pa
Base pressure 5 � 10�4 Pa
Power ratio of Si and C targets 90 W=70 W
Distance from each target to substrate 70 mm
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C0:43N0:31 coating followed roughly a linear law, which means that
the etching effect plays a remarkable role for the mass loss of the
coating during exposure The formation of a hard oxide-rich top layer
on the coatings can reduce AO etching and also retard the surface
oxidation rate, which endows the coating the excellent AO erosion
resistance. Indeed, the AO erosion yield of the Si0:26C0:43N0:31

coating was determined to be in the same order with that of alumina
or silica coatings [19,20].

Mass loss of the coated polyimidemeans that during exposures the
Si0:26C0:43N0:31 coating interacted with the incident oxygen atoms.
The oxidation of Si1�x�yCxNy was proposed as follows:

Si 1�x�yCxNy � �2 � x � y�O� �1 � x � y�SiO2 � xCO� yNO
(2)

CO � O� CO2 (3)

For the Si0:26C0:43N0:31, the calculation indicated that its mass
decreased by 6.3% due to reaction (2) if it was oxidized completely,
which is in agreement with our measured mass loss. Mass loss was
also observed during the high temperature oxidation of Si1�x�yCxNy

with the formation of a single layer of SiO2 [12,15].

B. Surface Morphologies

Figure 3 shows the SEM images of the Si0:26C0:43N0:31 coating
before and after exposure. The surface of the as-deposited

Fig. 3 Surface micrographs of the Si0:26C0:43N0:31 coating: a) before
exposure, b) after AO exposure, and c) after AO� VUV exposure,

AO fluence� 9:6 � 1020 atoms=�cm2 � s�), VUV intensity� 5 suns.

Fig. 4 AFM images (10 �m � 10 �m, Z scale is 0:5 �m) of the

Si0:26C0:43N0:31 coating: a) unexposed, b) exposed to AO, and (c)

exposed to AO� VUV, AO fluence� 9:6 � 1020 atoms=�cm2 � s�,
VUV intensity� 5 suns.
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Si0:26C0:43N0:31 coating was smooth and crack free. After AO or
AO� VUV exposure, the coating still kept its integrity, only its
surface became a little rough. Thus, the Si0:26C0:43N0:31 coating
possessed good resistance to bothAO andAO� VUV attacks. AFM
was used to further investigate the evolution of surface morphology
of Si0:26C0:43N0:31 coating caused by exposures. The typical AFM
images of the coating before and after exposure are shown in Fig. 4. It
is clear that after either AO orAO� VUV exposure, a great number
of bulges formed on the coating surface. The surface bulges were
denser and smaller in AO� VUV exposure than those in single AO
exposure. During AO exposure, the Si0:26C0:43N0:31 coating was
oxidized, its volume increased by about 2.5% due to the formation of
SiO2 as reaction (2) (it was assumed that SiO2 was amorphous).
Therefore, compressive stress was developed in the surface oxide
layer, causing appearance of the rough surface morphology. During
AO� VUV exposure, the reaction rate of theSi0:26C0:43N0:31 coating
with AO was a little higher; the surface roughness became more
obvious.

C. Surface Compositions

FTIR spectra of the Si0:26C0:43N0:31 coating before and after AO or
AO� VUV exposure are presented in Fig. 5. All peaks centered at
2184 and 1043 cm�1 were characterized as C � N and Si-C-N
bonds, respectively [13]. The peak centered at 850 cm�1 was
assigned to Si-C bonds. According to XPS analysis, the feature
absorption at 1594 cm�1 was associated with C� N or C-C bonds.
As shown in Fig. 5, the absorption intensity ofC � N peak displayed
only a little difference after exposure in AO and AO� VUV,
indicating that C � N bonds had a good stability in simulated
environments. On the contrary, the intensity of C� N=C-C bonds
decreased remarkably after both AO and AO� VUV exposure.
These bonds were not stable in simulated environments, and might
have broken during exposures. After AO exposure, the peak of
Si-C-N exhibited narrower width with a little shift to a lower
wavenumber. The intensity of Si-C bonds (around 850 cm�1)
became stronger. After AO� VUV exposure, the width of Si-C-N
peak and the intensity of Si-C peak became smaller compared with
that after singleAO exposure. Obviously, the breakage of Si-C-N and
Si-C bonds wasmore severe inAO� VUV exposure. The peak shift
of Si-C-Nmight be induced by the breakage of Si-N bonds (they had
a little higher wavenumber than Si-C-N) and formation of Si-C-O
bonds (they had a little lower wavenumber than Si-C-N). Obviously,
VUV radiation could enhance the bonds breakage in the
Si0:26C0:43N0:31 during AO� VUV exposure.

Surface compositions of the Si0:26C0:43N0:31 coating before and
after AO, AO� VUV exposure were investigated by XPS using a
monolithic Al-K� excitation radiation, and the obtained data are
summarized in Table 2. Detected O element on the unexposed
coating was induced by O2 adsorption, which can be identified by a
further analysis of O1s high-resolution spectra. After AO andAO�

VUV exposure, the concentration of C varied from 34.01 to 27.18
and 35.18%, while the O-to-Si ratio increased from 0.18 to 1.95 and
2.05, respectively. Therefore, it was reasonable to propose that a
protective SiO2-rich layer formed on the coating surface after
exposures in AO and AO� VUV. And the C and N species
interacted with oxygen atoms to form volatile gases of NO, CO, and
CO2, as proposed in reactions (2) and (3).

High-resolutionXPS spectra of Si2p obtained on the surface of the
Si0:26C0:43N0:31 coating are shown in Fig. 6. Variations in peak shapes
and positions were observed on the exposed surfaces, indicating that
the distribution of chemical species had been altered. The peak of
Si2p became narrow after AO and AO� VUV exposure, implying
that a unique layer formed on the surface of the exposed
Si0:26C0:43N0:31 coating. Before exposure, the Si2p had a binding
energy (BE) of 101.65 eV, which is close to the BE of Si-N bond
(101.5 eV). After AO and AO� VUV exposure, the peak of Si2p
shifted about 1 eV to a higher BE and centered at 102.65 eV and
102.60 eV, respectively, which corresponded to amorphous SiO2

(102.7 eV). It should be noted that a part from SiO2, other kinds of
SiOx (X� 0:5,1.0 and 1.5) might form on the coating surface. Thus,
the high-resolution O1s also has been analyzed; only one main peak
without any other fitting peaks appeared, indicating that SiO2 is
the exclusive oxide. Again, it is concluded that a SiO2-rich layer
formed on the coating surface after either AO or AO� VUV
exposure. The formation of this SiO2-rich layer played amain role in
preventing further erosion of the underlying. On the other hand, the
deconvolution of Si2p indicated that the exposed surface of the
Si0:26C0:43N0:31 coating was composed of Si-N and Si-O bonds. After
exposure to AO� VUV, the calculated intensity ratio of Si-N=Si-O
on the exposed surface decreased from 0.44 to 0.39. Therefore,
N-related bonds broke more severely under AO� VUV exposure.

D. Effects of VUV Radiation During AO Exposure

According to the above erosion kinetic data, it is obvious that the
evolution ofmass loss of theSi0:26C0:43N0:31 coating followed a linear
law, and the existence of VUV could enhance the attacks of AO. It
can be known by comparing the data in Table 2 and Fig. 6 that the

Fig. 5 FTIR spectra of the Si0:26C0:43N0:31 coating: a) before exposure,
b) after AO exposure, and c) after AO� VUV exposure,

AO fluence� 3:2 � 1021 atoms=�cm2 � s�, VUV intensity� 5 suns.

Table 2 Surface compositions of Si0:26C0:43N0:31 coating before

and after exposures, AO fluence� 3:2 � 1021 atoms=�cm2 � s�,
VUV intensity� 5 suns

Coating Composition, % Atomic ratio

Si C N O O=Si

Unexposed 25.05 41.24 29.09 4.62 0.18
AO exposed 24.65 27.18 — 48.17 1.94
AO� VUV exposed 21.22 35.18 — 43.60 2.05

Fig. 6 High-resolution XPS spectra of Si2p of the Si0:26C0:43N0:31

coating: a) before exposure, b) after AO exposure, and c) after

AO� VUV exposure, AO fluence� 3:2 � 1021 atoms=�cm2 � s�,
VUV intensity� 5 suns.
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concentration of C was higher, and the peak of Si2p was wider in
AO� VUV exposure than in AO exposure. These results may
provide clues for explaining the VUV effects on AO erosion of the
Si0:26C0:43N0:31.

The mechanism of AO erosion was proposed as bombardment-
induced and -enhanced surface chemical etching [21]. During single
AO exposure, the oxygen atoms absorbed on the surface at the initial
stage, then these absorbed oxygen atoms interacted with N and C in
Si0:26C0:43N0:31 simultaneously, gaseous products such as NO, CO,
and CO2 released into the simulated environment, and finally a
continuous SiO2-rich layer formed. The oxidation process could be
described as the following reactions (4–7):

Si 1�x�yCxNy � �1� y�O� Si1�x�yCxO� yNO (4)

Si 1�x�yCxNy � �1� x�O� Si1�x�yONy � xCO (5)

Si 1�x�yCxO� O� SiO2 � yCO (6)

Si 1�x�yONy � O� SiO2 � xNO (7)

During AO� VUV exposure, an essential similar process
occurred. However, VUV radiation might break those chemical
bonds with low binding energy [22], such as C-N, C-C, created a
great number of free radical sites [22] on the Si0:26C0:43N0:31 surface.
Because the interaction of AO occurred easily at these free radical
sites, the erosion rate of AO increased under the existence of VUV.
The erosion process of the Si0:26C0:43N0:31 coating is exhibited
schematically in Fig. 7. Moreover, the N-related bonds were more
susceptible to VUV radiation than corresponding C related bonds
[23]. UnderAO� VUV exposure, the reactions (4) and (7) occurred
more preferentially than the reactions (5) and (6), because only these
two reactions are involved in the breakage of Si-N bonds to formNO
(otherwise to form CO). Hence, after AO� VUV exposure, more
Si-C-O species existed on the coating surface, which resulted in the
raising of the C concentration and widening of Si2p peak.

IV. Conclusions

Amorphous Si0:26C0:43N0:31 coating was deposited on polyimide
substrate by reactive magnetron cosputtering Si and C targets, and
the AO resistance of Si0:26C0:43N0:31 coating was evaluated in a
ground-based LEO environment simulation facility. Through the
experimental studies, the following conclusions can be drawn:

1) The erosion yield of the Si0:26C0:43N0:31 coating was 1:5� and
1:8 � 10�26 cm3=atom during exposures in AO and AO� VUV,
respectively, being about 2 orders of magnitude lower than that of
polyimide. The existence of VUV could enhance AO erosion
definitively.

2) During AO and AO� VUV exposure of the Si0:26C0:43N0:31

coating, gaseous products of CO, CO2, and NO generated, and an

oxidized layer composed of SiO2 and minor Si-C-O formed, which
rendered the Si0:26C0:43N0:31 coating good erosion resistance.

3) VUV radiation might promote the breakage of those chemical
bonds with low binding energy, especially N-related bonds such as
C-N and C� N, creating free radical sites easily on the Si0:26
C0:43N0:31 surface.
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