
In: Handbook on Mass Spectrometry Instrumentation… ISBN: 978-1-60741-580-0 
Editor: J. K. Lang  © 2009 Nova Science Publishers, Inc. 

 
 
 
 
 
 
 

Chapter 9 
 
 

MASS SPECTROMETRY EVALUATION OF 
 THE IMPROVEMENT OF DLC FILM LIFETIME USING 

SILVER NANOPARTICLES FOR APPLICATION ON 
SPACE DEVICES: MATERIAL REVIEW  

AND ETCHING EXPERIMENTS 
 
 

F.R. Marciano1,2, L.F. Bonetti3, R.S. Pessoa2, J.S. Marcuzzo2, 
M. Massi2, L.V. Santos1, E.J. Corat1 and V.J. Trava-Airoldi1.  

1National Institute of Space Research (INPE), Av. dos Astronautas  
1758, C.P. 515, São José dos Campos/SP, 12245-970, Brazil. 

2Technological Institute of Aeronautics (ITA-CTA), São José dos  
Campos/SP, 12228-900, Brazil. 

3Clorovale Diamantes Indústria e Comércio Ltda, São José  
dos Campos/SP, 12229-390, Brazil. 

 
 

ABSTRACT 
 

In this chapter, a review of current literature on the improvement of diamond-like 
carbon (DLC) films lifetime using nanoparticles, in particular, silver nanoparticles, will 
be presented. Studies carried out in our laboratories will also show the results of 
incorporating silver nanoparticles in DLC films to improve the solid lubricant’s lifetime 
when submitted atomic oxygen bombardment. For this, etching experiments were 
performed in oxygen plasma operated at low pressure. The DLC films were deposited on 
different metallic substrates and on silicon (100) wafer with thin amorphous silicon 
interlayer by using a pulsed directly current plasma enhanced chemical vapor deposition 
discharge. During etching experiments, the films were submitted to oxygen ions with 
energy of ∼70 eV in order to evaluate the wear process of the surface in a short period. 
This evaluation was conducted during and after the etching process through the quadruple 
mass spectrometry and profilometry techniques, respectively. With the mass 
spectrometry analysis was possible to monitor in real time the gas effluents during 
etching process as well as the main volatile compounds resultants of reactions of oxygen 
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with the DLC film surface like atomic carbon, carbon monoxide and carbon dioxide. The 
results indicate a considerably reduction of the volatile species during the etching process 
for samples with more concentration of silver nanoparticles. This fact is confirmed by the 
offline etching profile measurement which indicates a decrease in DLC etching. These 
results confirm that the DLC films become more wear resistant when silver nanoparticles 
are incorporated in the film bulk. 
 
 

INTRODUCTION 
 
Diamond-like carbon (DLC) films have a lot of technological applications due to their 

physic-chemical properties, such as high mechanical hardness, chemical inertness, optical 
transparency and wide band gap. DLC films can be produced hydrogen free named a-C, or 
hydrogenated named a-C:H. These films are used as protective coatings for magnetic 
recording media, antireflective layer for silicon solar cells and solid lubricant coating for 
vacuum applications. Particularly in the microelectronic industry, this material can be used as 
gate dielectric, inter-metal dielectric layer because of its appropriate electrical resistivity and 
dielectric constant. Coatings on micro machine devices are another interesting application due 
to low friction coefficients. As a solid lubricant coating, DLC represents an important area of 
investigation related to space device mechanisms, where high vacuum and atomic oxygen 
environments are required. The degradation of lubricants and excessive wear limit satellites 
and space born systems, having a number of moveable mechanical parts. Spacecraft surfaces 
in Low Earth Orbit (LEO), with altitudes of 200-600 km, suffer the bombardment with atomic 
oxygen, which is the dominant atmospheric element. Since many space systems are designed 
to remain active in space for 10 to 30 years, the LEO environmental presents new challenges 
for materials research in the development of oxidation-resistant thin-film coatings.  

 
 

SOLID LUBRICANTS 
 
Solid lubricant coatings for vacuum and space mechanisms are widely used when 

conventional liquid is not efficient, either when the operating conditions become too severe 
(aggressive etching or ultrahigh vacuum) or when a clean environment is required [1]. 
Liquids are used when tribo-assembly can be sealed from the outside environment. In other 
cases, solid lubrication is preferred [2]. Solid films may be used over a larger temperature 
range, but they are limited to relatively short distances of travel, less than ten million passes 
for rolling or sliding contacts, and relatively low speed [1]. 

Satellites and space-born systems have a number of moveable mechanical parts, whose 
reliability is severely limited by degradation of lubricants and excessive wear [2]. Satellites 
designed for the high vacuum of space can be exposed to moisture during assembly, ground 
tests, or launching, and contact atomic oxygen in LEO [2]. These extreme operating 
conditions are coupled with an extended service life expectancy, which could be as long as 30 
years for an unattended satellite operation [2]. 

The mechanical, environmental, and endurance requirements of space applications 
exceed the available lubrication and wear reduction technologies, demanding novel materials 
and advanced technologies [2]. 
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These systems are frequently tested on the ground and stored for many years under 
controlled environments before launching [2]. Space mechanisms are required to function in 
vacuum, but also during the assembly, test and storage phases which are often performed in 
the ambient atmosphere [1,3]. In addition, reliable data based on experimental investigations 
on the vibrational effects during the launching, the air-to-vacuum transition from ground to 
orbit, the effect of periodic temperature variations, and the action of molecular or atomic 
beams and particles are not completely take in account [1]. 

A coating can change the space-born surface (both chemistry and structure) to self-adjust 
to the environment and achieve long durability [2]. From the various kinds of solid lubricant 
coatings, it has been shown that diamond-like carbon (DLC) coatings may exhibit ultralow 
friction in high vacuum conditions [1,4]. DLC provide superior mechanical hardness and 
performance in space/terrestrial environmental cycles [2] and have been studied as potential 
candidate for a wear resistant material with low friction in vacuum conditions [1]. 

 
 

DIAMOND-LIKE CARBON 
 
DLC is a metastable form of amorphous carbon containing a significant fraction of sp3 

bonds [5]. Carbon forms a great variety of crystalline and disordered structures because it is 
able to exist in three hybridizations, sp3, sp2 and sp1 [5]. According to Robertson [5], in sp3 

configuration, as in diamond, a carbon atom’s four valence electrons are each assigned to a 
tetrahedrally directed sp3 orbital, which makes a strong σ bond to an adjacent atom; and in the 
three-fold coordinated sp2 configuration, as in graphite, three of the four valence electrons 
enter trigonally directed sp2 orbitals, which form σ bonds in a plane. The fourth electron of 
the sp2 atom lies in a π orbital, which lies normal to the σ bonding plane [5]. The π orbital 
forms a weaker π bond with a π orbital on one or more neighbouring atoms [5]. The lubricant 
characteristic came from the π bonds between the graphitic/diamond layer. This kind of 
structure (typical of graphite) confer solid lubricant characteristic to DLC. 

The extreme physical properties of diamond derive from its strong, directional σ bonds 
[5-6]. The sp3 bonding of DLC confers on it many of the beneficial properties of diamond 
itself, such as hardness, elastic modulus and chemical inertness, but these are achieved in an 
isotropic disordered thin film with no grain boundaries [5]. DLC consists not only of the 
amorphous carbons (a-C) but also of the hydrogenated alloys (a-C:H) [5]. 

There is a range of DLC produce methods, such as physical or chemical process. The 
methods can be categorized as to whether they are most suitable for laboratory studies or 
industrial production [5]. On a physical process, DLC film is condensed from a beam 
containing medium energy (~100 eV) carbon or hydrocarbon ions and it is the impact of these 
ions on the growing film that induces the sp3 bonding [5]. This method contrasts with the 
chemical process in which stabilizes the sp3 bonding [5]. On Table 1 are presenting the main 
features of different DLC deposition methods. 

DLC films are mostly obtained by plasma decomposition of a hydrocarbon-rich 
atmosphere [20]. It is usually accepted that surface chemisorption of carbon carrying neutral 
radicals is the main channel for the film growth [20-21]. In DLC films deposited by methane 
decomposition, the structure is composed of sp2 hybridized clusters interconnected by sp3 
hybridized carbon atoms. Furthermore, the mechanical properties (e.g. hardness, Young’s 
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modulus, adhesion to the substrate, internal stresses) as well as important electronic properties 
(e.g. optical infrared gap, photoluminescence, conduction behavior) may be pre-determined to 
certain extent by varying the sp3/sp2 bonding ratio [5, 20]. 

DLC films also present low-friction coefficient, low wear rate and excellent tribological 
properties, as well as etching resistance [22-24]. Due to the mechanical, electrical, optical and 
chemical properties of these films, the use of DLC coatings in mechanical and electrical fields 
has increased with recent applications in food, beverage and medical application [22]. 

 
 

Table 1. Main features of the different DLC deposition methods. 
 

Deposition 
methods 

Features Advantages Disadvantages References 

Ion beam Carbon ions are 
produced by sputtering 
of graphite. 

Give a controllable 
deposition species and 
energy, a filtering out 
of non-energetic 
species, and the ability 
to dope by switching 
the ion species. 

High cost and 
size of the 
apparatus. 

[5,7-9] 

Sputtering Uses the DC or RF 
sputtering of a graphite 
electrode by na Ar 
plasma. 

Versatility, 
widespread use to 
sputter many materials 
and easy of scale up. 

Expensive and 
low growth rate. 

[1,5,10-11] 

Cathodic arc An arc is initiated in a 
high vacuum by 
touching the graphite 
cathode with a small 
carbon striker electrode 
and withdrawing the 
striker. 

Produce a highly 
ionized plasma with 
an energetic species, a 
fairly narrow ion 
energy distribution, 
and high grow rate for 
a low capital costs. 

The filtering is 
not sufficient for 
some 
applications, and 
the cathode spot 
is unstable. 

[5,12-14] 

Pulsed laser 
deposition 

Pulsed excimer laser 
such as ArF give very 
short, intense energy 
pulses, which can be 
used to vaporize 
materials as an intense 
plasma. 

Versatile laboratory 
scale method, which 
can be used to deposit 
many materials, from 
high temperature 
superconductors to 
hard coatings. 

 It’s not possible 
to scale in an 
industrial 
proportion. 

[5,15-17] 

Plasma 
enhanced 
chemical 
vapor 
deposition 

The reactor consists of 
two electrodes of 
different area. The 
power supply is usually 
coupled on the smallest 
electrode on which the 
substrate is mounted, 
and the other electrode 
is grounded. 

Versatility to use 
different precursor 
gases, facility to 
deposition in samples 
with different size and 
shape, low cost 
production. 

It's not possible 
to have 
independent 
control of the ion 
current and the 
ion energy, as 
they both vary 
with the power 
supply energy. 

[5,9,18-20] 
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In long duration, heavily loaded, and/or high sliding speed applications, the use of DLC 
leads to its graphitization and associated increase of friction coefficient in the high vacuum 
environment [2-25]. A hydrogenated DLC phase increases life through hydrogen termination 
of active carbon bonds, but not for long durations due to hydrogen depletion after about 104 
cycles [2, 26-27]. An alternative approach is the incorporation of silver nanoparticles (SNP), 
which is also considered as a solid lubricant, into DLC films. 

 
 

Diamond-Like Carbon with Silver Nanoparticles 
 
Metal doping in DLC films prepared by chemical/physical vapor deposition techniques 

had been the issue of obtaining a new class of materials [28-32] but dispersing the metal 
particles homogeneously in the DLC matrix by the techniques used by the researches was 
found to be difficult [32].The key issue was to reduce the internal stresses in DLC films via 
incorporation of silver nanoparticles. 

 In a pure carbon system, the total energy increased substantially as the bond angle 
deviated from the equilibrium angle of the tetrahedral sp3 bonds, which would be the reason 
for the high residual compressive stress of amorphous carbon films [8]. However, the increase 
in the total energy was significantly reduced by the addition of noble metals as well as 
transition metals [8]. Choi et al suggested that both noble metals and transition metals 
dispersed in the amorphous carbon matrix may play the role of a pivotal site, resulting in the 
reduction of the residual stress in the amorphous carbon network from distortion of the bond 
angle [8]. 

Silver is known to have low shear strength, a good transfer forming tendency, etching 
resistance, high electrical and thermal conductibility [7,33-34]. Furthermore, silver films 
produce fewer wear particles and outgas than any other material for solid lubricant while 
being used in a vacuum condition [7]. DLC-silver nanocomposites (Ag-DLC) have also been 
show to posse antimicrobial and anticorrosion properties [8,32]. 

Since DLC films are large band gap material, metal inclusion in nanocrystalline form 
should also reveal interesting optical properties like surface plasmon resonance in this class of 
composite materials [32]. 

 
 

The Low Earth Orbit 
 
The energetic atomic oxygen reaction with materials used in the exterior of a spacecraft 

operated in LEO is one of the key issues in future long-life spacecraft [18, 35]. LEO presents 
new challenges for materials research in the development of oxidation-resistant thin-film 
coatings [36]. A spacecraft in LEO environment, with altitudes of 200-600 km, suffer the 
bombardment by an atmosphere whose predominant species is neutral, ground-state, atomic 
oxygen [37-38]. 

The reaction of atomic oxygen with carbon, 
 

 
molkJHCOOC gg /3570 −=∆→+

 (Eq. 1) 
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has been described as an important process both in combustion and reentry systems [38-41]. 
Some researchers have been observed the removal of carbon from surfaces exposed to the 
atmosphere in LEO on various flights of the Space Shuttle [38, 42]. The relative kinetic 
energy of the atomic oxygen bombardment is approximately 5 eV which is caused by the 
spacecraft’s orbital velocity of 400 km/h (8 km/s), and flux ranged between 1017-1019 
atoms/m2s [43]. The high chemical reactivity of the atomic oxygen flux has been shown by 
the material processing experiments flown on the space shuttle [43]. Tagawa et al. reported 
that a pronounced glow and serious chemical etching of the surface exposed normal had been 
detected to the direction of flight (ram surface) [43-44]. These phenomena have been 
correlated with atomic oxygen density, and thickness losses over 1 µm/day in ram surface 
have been observed for organic materials [43, 45-48]. These experimental data may indicate 
that exterior coatings used in large space structures are necessary and endurance tests against 
the atomic oxygen bombardments of the uncoated parts such as solid lubricants are needed 
[43]. 

Studies of the reaction of the lubricants with atomic oxygen in ground-based laboratories 
thus are essential to space station technologies [43]. The LEO environmental is commonly 
simulated in laboratory by using a standard semiconductor plasma reactor with as atmosphere 
of either air or pure oxygen gas [36]. 

 
 

The Synthesis Procedure of DLC Films with SNP 
 
A SNP solution with about ~60 nm diameter particle was used to produce Ag-DLC films. 

The SNP colloidal production and nanoparticle characterization can be found in a paper 
previously published [49]. 

Silicon (100) and 316L stainless steel were the substrates. The stainless steel was 
polished by using up 0.25 µm diamond powder. All the substrates cleaned ultrasonically in an 
acetone bath for 15 min. were mounted on a water-cooled 10 cm diameter cathode fed by a 25 
KHz and 50% duty cycle pulsed directly current plasma enhanced chemical vapor deposition 
(DC-PECVD) power supply.  

It was used two different kind of methodology to produce Ag-DLC films. On the first, 
SNP was interpolated into DLC in layers. On the second, SNP solution in different 
concentrations was pulsed during the DLC deposition process. In both cases, it was used the 
DC-PECVD power supply. 

 
 

Ag-DLC Film Production in Layers 
 
DLC films were deposited on silicon (100) and 316L stainless steel using a pulsed DC-

PECVD methane discharge from methane (1 sccm gas flow at 85 mTorr for 10 min and -700 
V). After that, the samples were divided in 5 groups. Group 1 was composed of samples with 
only DLC films. For the other groups, an aqueous solution with SNP was pulverized over 
DLC film for 2 minutes, and after this, another thin DLC layer (25 nm) was deposited to fix 
the nanoparticles. This procedure was carried out 4, 6, 8 and 10 times respectively for the 
groups 2, 3, 4 and 5. 
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Ag-DLC Film Production from SNP Hexane Solution  
 
The SNP from the aqueous solution (~55 nm average size) [49] were transferred from 

water to hexane by centrifugation process [50]. It was obtained different concentrations of 
hexane SNP solutions.  

The DLC films started to be deposited using methane as the feed gas to a thickness of 
~150 nm (1 sccm gas flow at 85 mTorr for 10 min and -700 V). So, with the methane plasma 
on, hexane intermittent spray was pulsed (1 min pulse frequency and 300 µs pulse on) inside 
the chamber for 25 min. The voltage (-700 V) was kept constant and the pressure inside the 
chamber varied from 85 to 130 mTorr during the pulse interval. 

To produce Ag-DLC films, 10.0, 50.0 and 100.0 g/L hexane SNP solutions replaced the 
pure hexane during the deposition. 

 
 

Ag-DLC Film Characterization 
 
The morphology of SNP in DLC films was shown by scanning electron microscopy 

(SEM) in Figures 1-2 and by atomic force microscopy (AFM), Figure 3-4. SEM images were 
acquired by using JEOL LEO-440, with 20.0 kV; and field emission gun scanning electron 
microscopy (FEG-SEM), JEOL JSM-6330F, with 30.0 kV, respectively. The AFM images 
were acquired by using the dynamic tip mode of a Shimadzu SPM9500J3 and VEECO 
920006101 AFM, respectively. 

The nanoparticle size is in good agreement with the SNP size in solution. Different sizes 
and shapes of SNP are also shown. As illustrated in Figure 1-2, it was possible to reach a 
satisfactory density of nanoparticles with the adopted methodology. The images reveal that 
SNP are not dispersed absolutely homogeneously. One may observe that two or more 
nanoparticles may be representing a large particle. 

AFM images (Figures 3-4) confirmed SNP were really incorporated in DLC films. The 
nanoparticles had a tendency to form aggregates on the surface during the deposition process 
[51] (as shown on top right side of Figure 3a). Secondly, Figure 3b shows some nanoparticle 
completely immersed in DLC films and others partially immersed in DLC surface. SEM and 
AFM images shows the tendency of the inter-particle distances became smaller with the 
increase in number density of particles culminating in some clusters coming closer to one 
another. 

On Ag-DLC films produced from SNP hexane solution (Figure 4), the agglomerate 
problem becomes more evident. This can be seen in Figure 4b (DLC from 50.0 g/L SNP 
hexane solution) which has not only more SNP, but also more agglomerates than on Figure 4a 
(DLC from 10.0 g/L SNP hexane solution). In the case of Figure 4, the SNP are bigger and 
form more aggregates on DLC surface, which can mislead the SNP real sizes. However, DLC 
films growth from hexane have higher growth rates, it means this methodology is more 
applicable when industrial scaling up is taking in account.  
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Figure 1. SEM image of a 10-layer-Ag-DLC film.  
 

 

Figure 2. SEM image of Ag-DLC film produced from a 10.0 g/L SNP hexane solution.  

The atomic arrangement of the Ag-DLC films was analyzed by Raman scattering 
spectroscopy in order to verify if the incorporation of SNP in DLC changed its arrangement 
using a Renishaw 2000 system with an Ar+-ion laser (λ = 514 nm) in backscattering 
geometry. The laser power on the sample was ~0.6 mW and the laser spot had 2.5 µm 
diameter. The Raman shift was calibrated in relation to the diamond peak at 1332 cm-1. All 
measurements were carried out in air at room temperature. 
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Figure 3. 10-layer-Ag-DLC film AFM image: a) 2D AFM using the dynamic tip mode in 500×500 nm2 
area and 22.08 nm depth. b) 3D enlargement of the squared region delineated in (a).  

 

 

Figure 4. AFM image of Ag-DLC film produced from (a) 10.0 g/L and (b) 50.0 g/L SNP hexane 
solution.  

Figure 5 shows Raman spectra of a pure DLC film and a 10-layer-Ag-DLC film. The two 
spectra are very similar. Presenting two overlapping bands known as the D and G bands [52], 
these spectra were fitted using two Gaussian lines. The integrated intensity ratio of the D and 
G peaks (ID /IG) has been correlated with the sp3/sp2 bonding ratio [53-54]. I(D)/I(G) falls as 
the number of rings per cluster and the fraction of chain groups rise [55]. The measured ID /IG 
ratios for these quality DLC films ranged between 1.0 and 1.2 and these values do not change 
according with the Ag quantity tested. They are common values for DLC films [55] and these 
parameters are empirically correlated to quantities directly related to structural disorder, such 
as the Young’s modulus, the hardness, hydrogen content, and atomic density [56]. Choi et al 
(2008) show ID/IG ratio increases as the Ag contents in the DLC film increases. In that case, 
Ag-DLC films were produced from a hybrid deposition system composed of an end-Hall-type 
hydrocarbon ion gun and a silver DC magnetron sputter source [57]. From these results, it is 
noticeable the quality of DLC films do not suffer any variation with the incorporation of SNP, 
independent of both used methodology. 

 



F.R. Marciano, L.F. Bonetti, R.S. Pessoa et al. 10 

1000 1200 1400 1600 1800

20

40

60

80

100

 

In
te

n
si

ty
 (

a.
u

.)

Raman shift (cm-1)

DLC

DLC with 10 layers of
silver nanoparticles

 

Figure 5. A comparison between Raman spectra from DLC without and with 10 layers of SNP. 

Some authors [8,32] reported the stress reduction via nanoparticle incorporation in DLC 
bulk. Total stress was determined by measuring the substrate curvature before and after the 
DLC film deposition with a stylus profilometer and by analyzing the results with the well-
known Stoney’s equation [58-59]. 

Figure 6 shows the total compressive stress of the DLC films measured according to the 
layers. The zero point corresponds to the pure DLC film without any layer. The stresses of the 
films with SNP were decreasing with the number of silver layers whilst in the films with no 
silver, the stresses remain constant independently of the number of layers. SNP in DLC bulk 
also relieve the stresses between the substrate and DLC films. Lower total stress observed 
when nanoparticles are present in the DLC films are related to the defects in the films 
structure and multi-layer of the DLC films. 
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Figure 6. Total compressive stress as a function of the number of SNP layers. The zero point 
corresponds to the pure DLC film without any layer. 
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Table 2. DLC and Ag-DLC hardness values (in GPa). 
 

Production method DLC Ag-DLC 

In layers 18-22 11-16 

From hexane solution 18-20 11-14 

 
 
Oxygen Plasma Etching of DLC and Ag-DLC Samples: Plasma Reactor and 
Discharge Parameters 

 
Nanohardness was measured by the instrumented hardness test which was carried out 

using Fischerscope HV100 equipment with a Vickers indenter. The maximum load applied 
was 45 mN and at least 10 valid measurements were made for each sample. The hardness 
mean value was considered as the resultant hardness. The depth achieved was less than 20% 
of total film thickness in order to avoid substrate influence during the measurements. The 
load-unload cycles and hardness values were performed according to ISO 14577 [60] and the 
Oliver-Pharr method [61]. 

The DLC and Ag-DLC hardness values are presented on Table 2, according to the 
deposition method (in layers or from the hexane solution). When SNP are incorporated, DLC 
hardness also present a slightly decrease, because it was added a lot of defects in DLC 
structure. This decrease in hardness is counterbalanced with the increase of other properties of 
these films such as lower stress [49]. The difference in hardness among the films with SNP 
was not significantly different.  

The etching of carbon based materials, like DLC films, can be done with discharges 
operating at two regions of pressure: atmospheric and low pressure oxygen plasmas. The 
atmospheric plasma generator proposed by Marcuzzo et al [62] consists in the use of 
dielectric barrier discharge (BDB) in oxygen gas at high pressure (600 Torr) and high gas flux 
(3 L/min). Despite this method can produce reactive oxygen, it was not used because the high 
gas flux and pressure not represent the LEO conditions.  

Under low pressure (< 1 Torr) of reactive gases such as oxygen is common the use of 
techniques that use 13.56 MHz radio-frequency (RF) power sources to excite the plasma 
generation such as reactive ion etching (RIE), inductively coupled plasma (ICP) and electron 
cyclotron reactor (ECR) [63]. In this work we used the RIE system due to simplicity of 
construction and ability to generate oxygen plasma at pressures that simulate the LEO 
conditions. A schematic diagram of the experimental apparatus is shown in Figure 7. This 
apparatus consists of a capacitively coupled parallel plate reactor operating in RIE mode with 
2 L volume and 50 mm electrode gap. The lower RF powered electrode has 150 mm in 
diameter while the upper electrode is connected with the reactor walls and grounded. Prior to 
gas feed the vacuum chamber is pumped down to pressure below 0.1 mTorr using a 
combination of a roots and a mechanical pump, providing both an effective pumping speed of 
approximately 110 L/s. Subsequently, the O2 was inserted into the chamber. 

For the etching experiments the DLC or Ag-DLC films were placed on the lower 
electrode since this enables the control of the flow and energy of species such as ions and 
charged electron on the sample through the modulation of process parameters such as 
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pressure and RF power. All data were taken at an optimized condition of 20 mTorr total 
pressure (12 sccm gas flow) and 10 W of RF power. Under these conditions the established 
cathode fall potential (Vdc) is of the order of 70 V, which is equivalent to an energy gained by 
oxygen ions of 70 eV. In LEO simulator studies, the particle energies involved are about 5 
eV, which promotes a slow etching process [38]. In our experiments, the high energy was 
chosen purposely in order to maximize the etching process quickly. Etching experiments were 
carried out through on masked DLC samples for 4 min, and part of them was covered with a 
mechanical mask to produce a step between the etched and non-etched regions. This step was 
measured by a profilometer (Alpha-Step 500), and the etching rates were determined. 

 

 

Figure 7. Schematic illustration of the reactive ion etching reactor. The reactor dimensions are in mm. 
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Figure 8. Mass spectrum of the RIE chamber obtained on background condition. 
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In Situ Plasma Etching Analysis: The Mass Spectrometry Technique  
 
The mass spectrometry is a powerful analytical technique that is used to identify 

unknown compounds, to quantify known materials, and to elucidate the structural and 
chemical properties of molecules. The detection of compounds can be achieved, even in very 
small quantities (partial pressures of up to 10-10 Torr). Because of this, the mass spectrometry 
provides valuable information for a wide range of professionals: physicians, engineers, 
chemists, biologists and astronomers, to name a few. 

One method that uses frequently the mass spectrometry to perform their diagnosis is the 
processing of materials by cold plasma. However, determining the chemical composition of 
plasma is a very difficult task, due to the large amount of components and radicals present. In 
reactive plasmas such as O2, SF6 or CF4, for example, the knowledge of the absolute 
concentrations of chemical species involved is extremely complicated, why, in many cases, 
only magnitudes are measures relating experimentally. In a reactive discharge, the energy is 
distributed among the various constituents, namely: stable neutral, electrons, molecular 
fragments (radicals), negative and positive ions and neutral excited. These, in turn, are in a 
chemical "soup" of large applications in various branches of technology. Of these 
components, it should be emphasized that the role of electrons, because of its greater 
mobility, are responsible for the electrical conductivity of plasma and the processes of 
formation of radicals, neutral and excited ions, important for the reactivity of the plasma. 

In this scope, in the field of plasma etching of materials, particularly, etching of carbon-
based materials, the use of mass spectrometry allows the monitoring of neutral effluents like 
atomic carbon, carbon monoxide and carbon dioxide that are generated during the reaction of 
oxygen plasma species with the substrate. The knowledge of these species allowed us to this 
work not only investigates the process kinetics but also evaluate the wear resistance of each 
material. 

 
 

Quadrupole Mass Spectrometer System 
 
The analysis of the relative concentration of species extracted from the plasma was 

performed by using a quadrupole mass spectrometer AccuQuad 200D – Kurt J. Lesker 
Company, which allows to analyze mass up to 200 atomic mass unit (amu) with a resolution 1 
amu, adapted to the vacuum chamber through a drifting tube. The plasma species were 
sampled through a micro orifice located at the mass spectrometer's entrance, undergoing 
subsequent electron impact ionization at constant electron energy of 70 eV. This energy is 
sufficient to ionize the neutral gas species that enter through the quadrupole RF mass filter 
that thus, is detected and classified as a function of their mass-to-charge ratio. The typical 
operation pressure within the mass spectrometer was 0.1 mTorr.  

 
 

Mass Spectra Analysis Procedure 
 
The first instance of a mass spectrometry analysis in cold plasma reactors is an inspection 

of the residual species inside the reactor in order to avoid these from the species of gas to be 
inserted. These species are illustrated in the spectrum shown in Figure 8. In this spectrum we 
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can see that the reactor was clean, i.e., without the presence of etching gas at a background 
pressure of approximately 0.1 mTorr. The species that can be observed in spectrum probably 
are contaminants that may be associated with small leaks in the reactor and because 
polypropylene pipelines that are used as drivers of gas, and yet there is the presence of water 
(mass 18) that probably should be constituent of the ambient air. This procedure has been 
taken aimed at determining the background conditions for subsequent analysis. 
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Figure 9. Mass spectra of the effluent from the reactor during etching of DLC and Ag-DLC films. 

Once the subtraction of the background spectrum was made, we conducted the online 
monitoring of the etching process of DLC and Ag-DLC materials. Figure 9 illustrates an 
example of the spectra obtained for 3 different samples: DLC, Ag-DLC with 1 layer and Ag-
DLC with 2 layers. We observed the following main species in these spectra: O+ (mass 16) 
and O2

+ (mass 32), from the oxygen gas and C+ (mass 12), H2O
+ (mass 18) and CO+ (mass 

28), from the reaction of oxygen species with the surface of the DLC substrate. The atomic 
carbon observes in gas phase derives from the reactive sputtering effect in the material 
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surface due to bombardment by oxygen ions with energies of up to 84 eV. This effect 
decreases when the silver layers in the film bulk increases. Also, it was observed from these 
spectra a decrease in the partial pressure of CO+ and CO2

+ species which allows us to 
conclude that the reaction rates to formation of these species in gas phase are diminishing 
because the capture of oxygen by silver nanoparticles. 

 
 

Etching Results for Ag-DLC Film in Layers 
 
In order to verify the effect of the number of SNP layers on the generation of C+, CO+ 

and CO2
+ species, experiments were done varying the number of layers from 0 to 10. Figure 

10 shows the normalized partial pressure of C+, CO+ and CO2
+ species as a function of the 

number of SNP layers. It noted a signal value strong decrease for the films with more than 4 
SNP layers, where the signals decrease to 2 times up for the case of 10 SNP layers. 

The mass spectrometry results observed during the etching process were corroborated by 
measuring of the etching step formed by a mask placed over a small area of the substrate. The 
height of these steps were measured after the process by a profilometer and so were 
determined the etching rates for each condition. The results are shown in Figure 11, the 
obtained etching rates are presented as function of the number of SNP in DLC film. In 
Figures 10-11, the zero point corresponds to the DLC film without any layer of SNP. As can 
be observed from Figure 11, a decrease in the etching rate up to 2 times occurs for value of 10 
SNP layers. This fact shows the effectiveness of the mass spectrometry technique to evaluate 
the wear resistance of Ag-DLC material to the oxygen etching process. 
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Figure 10. Normalized partial pressure of C+, CO+ and CO2
+ species as a function of the number of SNP 

in DLC film. Partial pressures are normalized to 1 at the maximum value. 
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Figure 11. Etching rate as function the number of SNP layers in DLC films. 
 
 

Etching Results for Ag-DLC Film from SNP Hexane Solution  
 
Figure 12 shows the obtained etching rates as function of SNP concentration in hexane 

solution. The etching shows that with an addition of 10.0 g/L of SNP in hexane, the etching 
rate suffers a decrease of more than 2 times of initial value, reaching a decrease of up to 3.5 
times to a maximum hexane solution concentration of 100 g/L.  

Also for this case, we have made the process monitoring by mass spectrometry, but with 
one difference, the main etching species CO+ and CO2

+ are monitored in real time at an 
interval range of 1 second between each detection. This permitted us to see how the signals of 
the species varies during all etching process, allowing a better evaluation of the effect of the 
silver concentration on the wear of the film. In Figure 13, the time evolution of CO+ and CO2

+ 
species is presented during the oxygen plasma degradation for DLC samples produced for (a) 
pure hexane, (b) 10.0 g/L SNP hexane solution, (c) 50.0 g/L SNP hexane solution and (b) 
100.0 g/L SNP hexane solution. In this figure, on point 1, oxygen gas had started to be 
inserting in the chamber, point 2, plasma (10 W) had been on, and, point 3, plasma and 
oxygen had been off. We can see that when the discharge is on, a significant increase in the 
partial pressure of CO+ and CO2

+ species can be observed, indicating the reaction of oxygen 
species with the substrate material. After the discharge ignition the signals tends to decrease 
rapidly with time indicating a constant decrease in etching rate. This fact shows to be more 
prominent for higher silver concentrations.  

 



Mass Spectrometry Evaluation of the Improvement of DLC Film Lifetime… 17

 

Figure 12. Etching rate as function of SNP concentration in hexane solution.  

 

Figure 13. Temporal evolution of CO+ e CO2
+ species during the etching process of the DLC films 

produced from (a) pure hexane, (b) 10.0 g/L SNP hexane solution, (c) 50.0 g/L SNP hexane solution, 
and (d) 100.0 g/L SNP hexane solution. On point 1, oxygen gas had started to be inserting in the 
chamber, point 2, plasma (10 W) had been on, and, point 3, plasma and oxygen had been off. 
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It is known from the literature, that the etching process of the DLC material by cold 
plasmas is performed with the use of oxygen gas [64]. This, due to reaction with carbon, 
promotes the generation of volatile products CO and CO2 that are pumped out by the vacuum 
system. With the insertion of SNP in the film volume, independent of the used method, the 
etching process of the film becomes slower, since silver has a higher reaction affinity with 
oxygen atoms forming a silver oxide layer on DLC surface owing to the irradiation of oxygen 
plasma. Oxygen atoms react preferentially with silver preventing the reaction of oxygen with 
carbon from the DLC films. The result of this experiment can be seen in Figures 11 and 12. 
Here, the obtained etching rate decreases with the increase of SNP in DLC bulk. The increase 
of SNP in the film proved to be very efficient in reducing the reaction of oxygen with carbon. 
This result was also verified by the analysis of etching environment with mass spectrometer 
(see Figures 10 and 13). The partial pressure of CO+ and CO2

+ showed a decreased with the 
increase of SNP, indicating that the film etching decreases with the increase of SNP. This 
decrease in the etching rate is due to the fact of rising silver agglomerates on the film surface 
as we can see in images of optical microscopy of Figure 14. One can note on the etched 
samples, that the silver nanoparticles become more evident, having resisted the etching 
process. In such case, the DLC films with silver nanoparticles become more resistant to the 
etching process allowing an increase of DLC permanency at the space atmosphere.  

 

 

Figure 14. Optical microscopy of some samples before and after the etching process: a) DLC film 
before the etching, b) DLC film after the etching, c) 8-layer-Ag-DLC film before the etching, d) 8-
layer-Ag-DLC film after the etching. All the figures are in the amplification of 1000x. 

 
 

CONCLUSION 
 
The SNP incorporation technique in DLC bulk presented in this chapter shows high 

quality Ag-DLC films produced. Raman scattering spectra shows DLC quality does not suffer 
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any significant variation with the SNP incorporation. Also demonstrated that DLC films are 
more wear resistant against etching when the films have more SNP. It is clear the amount of 
CO2 and CO produced by oxygen ion attack decreases with the increase of SNP in DLC bulk. 
We are convinced SNP react with oxygen, absorbing the oxygen atoms close to the DLC 
films surface. The mass spectrometry analysis was an indispensable technique to identify and 
to quantify the compounds etched by the oxygen plasma. 

This chapter is part of initial studies to understanding this kind of etching process. 
Therefore, more experiments are need in order to further investigation the SNP behavior in 
DLC films and its effect on the etching process, as a function of SNP size and density. 
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