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ABSTRACT
Since 1972, diamond-like carbon (DLC) thin films have attracted great scientific and technological interest due 
to their unique properties, notably the high adhesion on metallic and non-metallic substrates, allowing them to 
expand their applications to areas such as space and biological. DLC films can be obtained by various techniques, 
such as physical vapor deposition, ion beam-assisted deposition, and plasma enhancement chemical vapor 
deposition (PECVD). This review focused on the studies of the Diamond and Related Materials Research Group, 
which compared various techniques and selected direct current (DC) pulsed PECVD for its low cost and versatility. 
The studies focused on determining the coating parameters such as adhesion, hardness, friction, wear resistance, 
biocompatibility, structural stresses, and scalability. Next, the group improved the DC pulsed PECVD with the 
introduction of the concept of ion and electron confinement. This innovative method has made it possible to 
obtain better plasma density at low pressures, improving the characteristics of the film. The non-collision growth 
process resulted in a harder DLC, with better adhesion, less wear, and maintained biocompatibility. The system 
has proven to be effective, cost-effective, easy to use, and scalability even for complex geometries.

KEYWORDS: DLC films, Growth process, PECVD techniques, Properties, Applications.  

FILMES DE CARBONO TIPO DIAMANTE: PROPRIEDADES 
APRIMORADAS E NOVAS APLICAÇÕES

RESUMO
Os filmes finos de carbono tipo diamante (DLC), desde 1972, atraem grande interesse científico e tecnológico por 
causa das suas propriedades únicas, notavelmente a alta aderência em substratos metálicos e não metálicos, 
permitindo expandir suas aplicações para áreas como espacial e biológica. Os filmes de DLC podem ser obtidos 
por diversas técnicas, como deposição física na fase vapor, deposição assistida por feixe de íons e deposição 
química na fase vapor aumentada por plasma (PECVD). Esta revisão focou nos estudos do Grupo de Pesquisa de 
Diamantes e Materiais Relacionados, que comparou várias técnicas e selecionou a PECVD de pulso de corrente 
contínua por seu baixo custo e versatilidade. Os estudos concentraram-se na determinação dos parâmetros 
de revestimento, como adesão, dureza, fricção, resistência ao desgaste, biocompatibilidade, tensões estruturais 
e escalabilidade. Em seguida, o grupo aprimorou a PECVD de pulso de corrente contínua com a introdução 
do conceito de confinamento de íons e elétrons. Este método inovador permitiu obter melhor densidade de 
plasma a baixas pressões melhorando as características do filme. O processo de crescimento em regime de não 
colisão resultou em um DLC mais duro, com melhor adesão, menor desgaste e biocompatibilidade mantida. O 
sistema demonstrou-se eficaz, econômico, de fácil uso e de escalabilidade mesmo para geometrias complexas.

PALAVRAS-CHAVE: Filmes de DLC, Processo de crescimento, Técnicas PECVD, Propriedades, Aplicações.
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INTRODUCTION	

Due to the wide scope of the area of studies in diamond-like carbon (DLC) films from a scientific and technological 
point of view and its wide range of applications, the community elect itself as the main coating to be investigated. 
About 25 years ago, a complete review emphasizing all deposition techniques was published1. Nowadays, there 
are several recent review articles segmented by area of study and/or area of application2–4. Therefore, this review 
focused on the works developed in the DLC research related to fundamental and application studies project. Some 
comparative approaches to other research available in the literature were done. 

Initially, several growth techniques were studied. Among them, physical vapor deposition (PVD) itself with 
magnetron sputtering, which was related to cold welding prevention5. These results were not satisfactory due to 
the low adhesion on the different substrates, like titanium and aluminum, but they were the first results related to 
space applications from the Diamond and Related Materials Research Group. 

The initial results of the radiofrequency plasma enhanced chemical vapor deposition (PECVD) technique showed 
great difficult in obtaining good adhesion and in scaling due to the impossibility of manufacturing high power 
radiofrequency sources to reach large deposition areas6,7. Besides this technique, two other techniques were 
studied in the team at the same time. First, the ions beam assisted deposition (IBAD)8,9. It was observed that the 
adhesion in relation to the radiofrequency-PECVD technique improved, but it was a relatively expensive system, 
difficult to operate and very limited in terms of deposition area, as well as in terms of deposition in three dimensions. 
Despite some good results in terms of adhesion, efforts were concentrated on the pulsed direct current (DC) PECVD 
technique10–16. This technique was under study by several research groups around the world17,18. 

The study examined various growth factors, including pulse width, frequency, and amplitude, in relation to the 
gas pressure within the discharge. It also considered both the internal and external stresses created on the film, 
alongside the uniformity of growth across larger surfaces and the three-dimensional aspects of the deposition 
process. 

Some prominent publications showed that the working pressure varied greatly, from 1–6 Pa for pulse 
frequencies of 2.3 MHz, to 200 Pa17 for frequencies of 25 to 200 kHz18. It was also shown that it was difficult to 
obtain good adhesion; the internal and external stresses of the film were relatively high, even in small thicknesses. 
Also, it was observed that the growth temperature to obtain good quality and reasonable adhesion was very high. 
The pulsed DC PECVD technique is the one that promised to be most suitable for studying the dependence of 
the growth parameters with the properties of the film, and at the same time can be obtained at a lower cost and 
with friendlier handling.

Furthermore, advancements have been made in methods like immerson ion implantation plasma deposition 
(IIIPD), although challenges persist in achieving adequate adhesion and scale over large surfaces. These challenges 
stem from the high voltages needed, ranging from 20 to 50 kV, and the slow growth rates associated with various 
parameters19–21.

Another prominent technique for DLC growth is high power impulse magnetron sputtering (HIPIMS)22, which 
is a variation of the PVD technique and has greatly improved adhesion when additional surface treatments are 
incorporated. On the other hand, it is a more expensive technique, and the issue of growth in three dimensions 
remains without a good solution. 

As a result, the team's primary goal was to thoroughly research focused on the pulsed DC PECVD technique. Many 
additional works were published by the team, involving mechanical, tribological, chemical, and biological properties, 
covering all industrial segments, including the space area, in which an ultra-high-vacuum environment is required. 
All segments are treated separately, intending to show the intense research, development, and innovation activity 
during and after the introduction of the important modification in the deposition system. As one can see, DLC films 
have been improved not only in terms of different procedures, but also concerning relevant modifications using a 
simple physical concept. 
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PULSED DIRECT CURRENT PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION 
TECHNIQUE CONCEPT

Directed studies related to pulsed DC PECVD led us to upgrade the technique. It allowed us to develop an ion and 
electron confinement system that provided substantial improvements in the DLC film properties. The principle used 
to ensure the low working pressure that allowed DLC growth at low and high voltages in a non-collision regime (low 
pressure) became very important, because it allowed a better use of the energy of the ions in the growth process. Due to  
the absence of collisions, the average free path increases, allowing the precursor ions of the growth of the DLC film  
to reach the substrate surface with higher energy, promoting better adhesion and higher density. So, one can add the 
best of the IBAD technique, which is the adhesion, and the best of the pulsed DC PECVD technique, that is the variation 
of pressure, flow, and composition of the gases and the voltage used in the growth process. In the first case, besides the 
improvement in adhesion, one can consider a high gain in the three-dimensionality and uniformity of the deposition. In 
the second case, it allowed power supply technology to be possible even in large deposition areas, allowing scaling up, 
even at voltages as high as -15 kV, as the current is relatively low. The pulse rate ranged from 20 to 70 kHz for this study. 

As shown in Fig. 1, the pulsed DC PECVD system can be electrically powered by different waveform configurations13, 
and it was possible to obtain optimizations regarding pulse width, amplitude, and frequency. By varying the widths, 
a, b, c, and d, and the amplitudes Vba and Vbc, it was possible to find the best values of hardness, coefficient of 
friction, and stress for different applications, i.e., for different substrate materials. 
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Figure 1: Voltage signal waveform driven to the cathode by the pulsed direct current source in methane discharge.  
Two negative–positive pairs of pulses represent one period. Vba and Vbc are the variable negative voltage amplitudes.  

The time for each pulse is indicated by a, b, c, and d. 
Source: Trava-Airoldi et al.13.

The best results were for null Vbc, Vba with a negative component (for ion acceleration), and a small positive 
component to help remove positive charge accumulation from the substrate surface, with a pulse rate of 20 to  
30 kHz, and the duty cycle—defined as a/(a+b+c+d)—ranging from 5 to 40%. More specifically, duty cycle corresponds 
to the ratio of the time of the pulse on and the total period of the pulse. This parameter is very important, because 
it is related to the ion lifetime. 

Through this system, it was possible to study the introduction, for the first time, of nanoparticles of metals, 
titanium dioxide, and diamond during the growth of the DLC film, giving it new properties, including for space 
applications13–16, among other applications that are described later.

These studies resulted in a low-cost system10,11, easy operation, and real possibility of scaling up, thus allowing more 
in-depth studies that led us to its improvement. The choice of pulsed DC PECVD technique allows us to introduce  
the concept of ion and electron confinement as a very important part of these studies. First, it was possible to obtain the  
best surface preparation to reach the best adhesion23–35. Adhesion is a crucial parameter for most applications. 

https://creativecommons.org/licenses/by/4.0/
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For example, space applications were studied, both in the area of corrosion of DLC film in space environments, in 
which ionic oxygen in the atmosphere is highly corrosive36,37, as well as studies to obtain low coefficients of friction in 
ultra-high-vacuum environment16,38. Also, DLC films have been studied as a component of a hybrid lubricant, seeking 
coefficient of friction optimization in systems that use liquid lubricants39–41. With the adhesion of DLC film to the key 
metals and their alloys, such as steels and titanium, studies more directed towards the modification of DLC film were 
made with the purpose of decreasing the coefficient of friction and increasing its durability with less wear. These works 
were best achieved by incorporating nanoparticles, such as silver (AgNP) and carbon nanotubes15,42,43. 

DLC films obtained via pulsed DC PECVD are hydrogenated, with concentrations that can vary from 20 to 50% 
depending on the growth parameters for a given application16,27,30. The hydrogenation of DLC films was also studied 
using photoacoustic spectroscopy and thermal diffusivity, aiming at applications such as acoustic sensors44. So, 
pulsed DC PECVD was studied as the most promising technique for DLC growth addressing improvement that will 
be explained as follow.

CONCEPT OF ION AND ELECTRON CONFINEMENT ON PULSED DIRECT CURRENT 
PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION SYSTEM

Ion confinement is due to the introduction of an additional cathode, composed of a metal screen with well-defined 
transparency that allows a stable discharge at low pressures, about 10 times lower than in the conventional pulsed 
DC PECVD system. The transparency of the wire mesh, as well as its geometry and dimensions, must be optimized 
according to the dimensions of the discharge chamber and the one of the additional cathodes. So, geometry, 
dimension, and low pressure must be calculated to avoid the hollow cathode discharge limit, while maintaining the 
high density of ions and electrons. 

Due to the difficulty of initiating the discharge, an ignition procedure was also developed, which involves a small 
auxiliary high-voltage electrical pulse in the presence of argon, also at low pressure (~5 × 10-4 Torr). This procedure 
helps to keep the plasma bound and has excellent stability, even in the presence of other gaseous components, 
such as N2, H2, CH4, C2H2, etc. This concept has been studied due to the excellent initial results. All the advances 
related to the improvement of its physical, chemical, biological, and tribological properties are presented here45–67. 
In Fig. 2, a schematic diagram of the system and the actual discharge in a chamber with the additional cathode in 
working condition as an ion and electron confinement system is shown. In Fig. 3, the approximate difference in 
energy of the ions is shown, which form the plasma, when subjected to acceleration towards the substrate.

 
Gas in

Gas out

Additional cathode

Substrate holder 
(main cathode)

High-density plasma (low pressure)

SiH4 C2H2

Substrates

Ar

High-vacuum system with
high-speed diffusion pump
and residual pressure less
than 10-6 Torr, and operation
pressure at 4 × 10-4 Torr

Figure 2: Schematic diagram of the system with ion and electron confinement and the actual discharge  
in a diamond-like carbon growth chamber.

Source: Bonetti LF et al.45.
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Bonetti LF et al.65.

Using this principle, it was possible to grow DLC films at low temperature (< 100°C) with growth rate control—
equivalent to the conventional pulsed DC PECVD technique, quality control, lower coefficient of friction, higher 
hardness (lower hydrogen concentration), greater adhesion in different materials (metallic and non-metallic), lower 
stress, and better uniformity in the three dimensions and with well-defined scale parameters. 

The following are some relevant results that led to the definitive adoption of this technique for studies in a wide 
range of applications.

QUALITY OF THE DIAMOND-LIKE CARBON FILM

The structural quality of DLC is evaluated by Raman spectroscopy, as shown in Fig. 4. 
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Figure 4: Two examples of Raman analysis for diamond-like carbon films deposited at -2 kV and -12 kV.  
The deconvolution curves show the D and G bands.

Source: Bonetti and Trava-Airoldi45.

Figure 5 shows the variation of the structural properties as a function of the supply voltage, showing that with this 
technique it is possible to vary the properties of the DLC film according to the desired application.
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Figure 5: Properties of the diamond-like carbon film as a function of applied voltage. (a) ID/IG intensity ratio, (b) the band peak 
position (ω) of the D and G bands, and (c) the full width at half maximum (FWHM) of the D and G bands as a function of the 

direct current bias voltages.
Source: Bonetti and Trava-Airoldi45.

We can observe that, according to the ID/IG ratio, the best condition is for lower voltage values, as well as for full 
width at half maximum and the positions of the D and G bands. Also, it has been observed that the concentration 
of hydrogen decreases with the decrease of voltage, being about 13 to 15% for voltage from -700 to -800 V, while 
the hardness increases with the decrease of voltage45,46. 

MECHANICAL AND TRIBOLOGICAL PROPERTIES

Mechanical properties such as hardness, elastic modulus, including adhesion measured from the Rockwell C 
1,500 N indentation technique, the coefficient of friction, and wear have been intensively studied, especially to 
characterize the behavior of DLC on different types of materials. 

The hardness and elastic modulus, as well as the coefficient of friction and wear, do not depend on the type 
of substrate, but only on the parameters used for the growth of the DLC film45–58. Because of the high energy 
ion bombardment, DLC films are denser than that obtained from the conventional pulsed DC PECVD technique, 
and some interesting phenomena have been observed, such as local transformations when subjected to strong 
contact pressure52. Still in this line of studies, the pulsed DC PECVD system with additional cathode has contributed 
to promote modifications of the structure of the DLC films, allowing the incorporation of different nanoparticles 
and doping with other elements59–62. On the other hand, adhesion depends heavily on the conditions of thin film 
deposition to form an interface, as carbon film, in general, is not very friendly to most materials, especially metallic 
ones, causing low adhesion. 

https://creativecommons.org/licenses/by/4.0/
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In these studies, silane gas has been used, and voltage and pressure during the beginning of film formation, in 
addition to a good chemical and physical cleanliness of the substrate surface, have been well determined. Also, 
the formation of a silicon film gradient with DLC, overlapping it other, has a strong contribution to obtain good 
adhesion45,53,55,56,65.

Different substrate materials have been used, such as Inconel alloy 71847,65, and steel alloys without any surface 
treatment48,63 and with surface treatment such as nitriding48,51, which has also been investigated for corrosion 
resistance48,55,58,63 and wear when subjected to strong pressure with counter-body of different materials51. 

Concerning different results for each type of material, comparative studies were carried out for different substrates 
using the same growth parameters45,53,54. Titanium and its alloys have been widely studied by the team, due to their 
various applications, especially in the space and biological areas45,50,59,60,61,65,68. The adhesion of DLC in aluminum 
was also studied with good results, greatly expanding the applications, especially in the space, aeronautical, and 
biological areas. Different sets of parameters for the initial deposition of the silicon interlayer on aluminum were 
studied for the pulsed DC PECVD system with ion and electron confinement65,66. 

For the space, aeronautics, and biological areas, some results are presented separately here due to the novelty 
and scope of the applications and the use of all the improved properties of the DLC obtained by the pulsed DC 
PECVD technique with additional cathode. Two new applications, with DLC as a substrate for surface-enhanced 
Raman spectroscopy (SERS) and DLC deposition inside of long tubes, are also summarized separately.

Within the mechanical and tribological properties, the deposition of multi-layer DLC films45,55,58,63,65,66 with their 
high adhesion on aluminum and composite materials65,66 will be shown.

MULTILAYER OF DIAMOND-LIKE CARBON FILMS

Due to the possibility of controlling the growth parameters of DLC films according to the properties required for a 
given application and advanced requirements, the obtaining of thicker films was studied. In thicker films, the stress 
is very high, not allowing thicknesses beyond 2 micrometers to be obtained. Thicker films were possible with this 
technique, growing into multilayers separated by an interface. This interface can be achieved by the deposition of 
silicon concomitantly with DLC deposition or by varying the property of the DLC for a short period of time, causing 
the DLC film to lose the stress memory initially acquired65. Figure 6 shows DLC film with 10 layers and interlayers of 
silicon. Each layer is about 1 micrometer thick, totaling about 10 micrometers of final thickness.

  
 

(a) (b)

Figure 6: Rockwell 1,500 N indentation test. (a) Multilayers of diamond-like carbon with silicon  
interlayers on Ti6V4Al alloy and (b) indentation of 1,500 N Rockwell C.

Source: Bonetti and Trava-Airoldi65.

It is observed that there was no delamination of the DLC film from the titanium alloy substrate. Figure 7 shows 
the stress formed in the DLC film as a function of the number of layers.

https://creativecommons.org/licenses/by/4.0/
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 Figure 7: Stress of multilayers as a function of the number of layers.
Source: Bonetti and Trava-Airoldi65.

It is observed that stress does not increase with the number of layers, which provides an increase in thickness 

without delamination, expanding the possible applications. Also, the coefficient of friction in each layer does not 

change, remaining approximately constant at 0.08 for all layers65.

SPACE AND AERONAUTICAL APPLICATIONS

For space applications, the most relevant properties are the adhesion of the DLC film on the substrate surface 

that is independent of the material, the coefficient of friction and wear that depends on the ultra-high-vacuum 

environment50,53,60,65.

Conventional techniques result in very high friction coefficient of DLC film in an ultra-high-vacuum environment. 

The solution with these techniques is to greatly increase the hydrogen concentration in its structure, which causes, 

however, a decrease in hardness and increased wear. 

Pulsed DC PECVD technique with an additional cathode conversely resulted in very low coefficients of friction in an 

ultra-high-vacuum environment without impairing hardness and wear. Incorporating silver nanoparticles (AgNPs) and 

TiO2NPs reduced the coefficient of friction in an atmospheric environment from 0.05 to 0.0367. Incorporation graphene 

nanoparticles reduced the coefficient of friction to 0.01760, as shown in Fig. 8, keeping the wear rate constant, the 

hardness high, above 20 GPa, and excellent flexibility with the hardness/elastic modulus ratio above 0.1365.
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Source: Kolawole et al.60.
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For aeronautical applications, the main substrates under study were aluminum and its alloys. Due to their high 
adhesion in multilayers, it was possible to decrease the ice adhesion65, and they resisted rigorous rain erosion 
tests65. While the conventional DLC film resists a maximum of 5 min in severe testing, DLC film obtained by pulsed 
DC PECVD with ion and electron confinement technique resisted over 60 min65. 

Figure 9 shows the results of ice adhesion tests on DLC-coated aluminum substrates, i.e., the level of icephobicity, 
compared to the most used metals in aviation. Several samples with DLC deposited under various parameter 
sets were tested. 

 

100
90
80
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60
50
40
30
20
10

0

Ice Adhesion Metal Adhesion Range

Figure 9: Ice adhesion tests on diamond-like carbon (DLC) surface in different samples. The vertical bars represent the 
measures of the adhesion coefficient of the samples with DLC, and the gray horizontal bar represents the range of  

the adhesion coefficient of the metals already tested.
Source: Bonetti and Trava-Airoldi65.

It is observed that several DLC samples, including samples 2b and 4c, have adhesion coefficient below the gray 
range, showing better performance for this application. Figure 10 shows the results of rain erosion tests for these 
two specific samples. A test was applied in which a high density of water droplets is launched on the DLC surface 
at high speed (~800 m/s). 

 
 

Sample 2b 

Sample 4c 

Sample 2b 

Sample 4c 

Before A1er 

 Figure 10: Samples 2b and 4c before and after rain erosion tests. 
Source: Bonetti and Trava-Airoldi65.

It is observed that for these two samples, after 60 min of continuous testing at maximum power, there was 
practically no destruction of the DLC film. Only small pits are observed, since the substrate is aluminum, which is a 
very soft material.

PECULIAR FEATURE OF THE PULSED DIRECT CURRENT PLASMA ENHANCED 
CHEMICAL VAPOR DEPOSITION TECHNIQUE WITH ADDITIONAL CATHODE

The main differential characteristic, in addition to improving all the properties of the film in relation to conventional 
techniques, is the growth temperature. Whereby controlling the growth parameters, it is possible to grow DLC film 
with good characteristics at a temperature as low as 50°C. 

https://creativecommons.org/licenses/by/4.0/
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Besides aluminum, studies of adhesion of the DLC film on composite materials were carried out, with aeronautical 
applications and on polyethylene fiber, with medical and aeronautical applications, as shown in Fig. 11.

(a) (b)

Figure 11: Adherent diamond-like carbon film on polyethylene and composite material. (a) Polyethylene fiber, before and after 
deposition of diamond-like carbon (DLC) with 200-nm thickness and (b) composite material, before and after deposition 

 of DLC, with 5,000-nm thickness in five layers.
Source: Bonetti and Trava-Airoldi45,65.

It can be seen from Fig. 11 that the deposition is uniform in any form of substrate, with thicknesses from a few 
nanometers to several micrometers. 

Finally, the uniformity of DLC deposition in the three dimensions is symbolized in a large device with dimensions 
of about 500 mm and complex geometry, used in a protein processing system, as shown in Fig. 1265. 

Figure 12: Large device with complex geometry coated with diamond-like carbon.
Source: Bonetti and Trava-Airoldi65.

Good uniformity in the deposition of the DLC film in multilayers shows the range of applications that can be 
considered with the pulsed DC PECVD technique with ion confinement system. 

At this point, one can observe that the pulsed DC PECVD technique with ion and electron confinement system 
allows to improve all DLC properties depicting higher adhesion, lower coefficient of friction, higher hardness, higher 
thickness (multilayer film), etc., increasing a lot the fields of application.

BIOLOGICAL APPLICATION

Systematic research on DLC films as biomaterials began with the study by Anne-Thomson et al.69, which established 
the biocompatibility of DLC and identified it as a biologically inert surface. In-vitro tests with peritoneal macrophages 
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and mouse fibroblasts showed that DLC coatings did not induce adverse biochemical or morphological effects in 
cultured cells69.

Reviews in the early 2000s summarized research on DLC films, with Hauert70 highlighting that doping-modified 
DLC surfaces can exhibit tunable biological properties. The review indicated that changes in surface chemistry due 
to doping affect initial protein adsorption, which influences cellular response and hemocompatibility.

Roy and Lee71 investigated DLC coatings for orthopedic applications, focusing on reducing wear and debris 
generation, and for cardiovascular applications to decrease thrombogenicity. They also reported inconsistent 
results, including cases in which DLC-coated stents did not show significant improvement, emphasizing the need to 
study the mechanisms responsible for both positive and negative outcomes.

In the cardiovascular field, Gutensohn et al.72 demonstrated that DLC coatings function as passive diffusion 
barriers against electrochemical corrosion. The DLC layer on stainless steel stents serves as an impermeable 
chemical barrier, effectively preventing the release of nickel and chromium ions from the substrate, which are 
associated with thrombosis and inflammation. This resultes in minimal ion release and reduces thrombogenicity 
compared to uncoated stents.

Jones et al.73 identified a complementary mechanism, attributing the hemocompatibility of DLC to its hydrophobic 
surface properties. The hydrophobicity facilitated selective protein adsorption, resulting in a higher ratio of adsorbed 
albumin to fibrinogen. This modulation of protein adsorption led to reduced platelet adhesion and activation on 
the DLC surface.

These findings established that DLC coatings in blood-contacting applications function through both passive ion 
barrier effects and active modulation of protein adsorption.

By the end of the decade, research moved from bioinertia to biofunctionalization, with the goal of designing 
active biological responses. Marciano et al.74 introduced AgNPs addition to create Ag-DLC films with antibacterial 
properties. These films demonstrated efficacy against Escherichia coli and established DLC as a matrix for controlled 
therapeutic release.

Marciano et al.75 investigated DLC with TiO2NPs addition. TiO2NPs, a photocatalytic bactericide activated by 
ultraviolet light, increased the hydrophilicity of the DLC surface and enhanced bacterial adhesion. The increased 
adhesion improved bactericidal efficacy by promoting greater contact between bacteria and the photocatalytic 
agent.

The demonstration of inert biocompatibility69, elucidation of hemocompatibility mechanisms72–74, and proof of 
concept for active functionalization75,76 provide the foundation for the current research, which is addressed in the 
following review.

DOMAIN 1: ORTHOPEDIC AND DENTAL IMPLANTS (FOCUS ON BIOACTIVITY) 

For orthopedic and dental applications, DLC coatings are primarily used to enhance bioactivity and support 
osseointegration. Incorporation of titanium dioxide nanoparticles modifies the surface physicochemical properties, 
resulting in increased surface free energy and hydrophilicity. These changes improve cell adhesion, as evidenced by 
higher viability (MTT assay), and enhance spreading of fibroblasts and osteoblasts77–79. Additionally, nanostructuring 
DLC films with nanodiamond (NCD) particles has proven effective, significantly increasing mitochondrial activity 
(viability) and reducing cell death, as indicated by decreased lactate dehydrogenase (LDH) release in L929 fibroblasts. 

These findings suggest that nanodiamond incorporation enhances the biocompatibility of DLC films80. 
Furthermore, this strategy demonstrated strong in-vivo biocompatibility according to International Organization for 
Standardization (ISO) 10993-6, as it did not induce inflammatory responses in peritoneal implants81.

For dental applications, DLC coatings with a silicon interlayer on Ti6AL4V abutments significantly improved 
mechanical and electrochemical properties. In artificial saliva, hardness increased from 1.83 to 11.81 GPa, and 
the coefficient of friction decreased from 0.20 to 0.04. The corrosion rate was reduced by a factor of 16, from  
73.2 × 10-4 to 4.5 × 10-4 mpy81.
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DOMAIN 2: CARDIOVASCULAR APPLICATIONS (FOCUS ON BIO-INERTNESS) 

In cardiovascular applications, the primary objective is to achieve complete bio-inertness to minimize platelet 
adhesion and reduce the risk of thrombosis. DLC coatings are increasingly investigated for being used in circulatory 
assist devices, in which direct blood contact requires careful control of the material-blood interface to prevent adverse 
effects such as thrombosis. As a result, advanced surface biofunctionalization is essential to address these challenges82.

Sa et al.82 investigated the relationship between surface properties and mechanical stability by evaluating 
textured titanium wires coated with TiO2-DLC at varying thicknesses, implanted in vivo without anticoagulation. The 
thin DLC coating (0.3 µm), which was super-plasmophobic, exhibited delamination and wear, resulting in localized 
biological adhesion and neointima formation. In contrast, the thicker DLC coating (2.4 µm), which was plasmophilic, 
maintained mechanical stability and showed the lowest biological adhesion after 12 weeks.

This finding is significant, as it indicates that in high-flow applications, the structural integrity and thickness of the DLC 
coating may be more critical for long-term hemocompatibility than initial surface energy optimization. This result aligns 
with external studies on the Vroman effect. For example, Goyama et al.83 reported that DLC coatings failed in 1.5-mm 
grafts due to increased fibrinogen adsorption (p = 0.011), which is pro-thrombotic and negated the intended benefits.

DOMAIN 3: ANTIMICROBIAL AND ANTI-BIOFILM SURFACES 

The prevention of implant-associated infections is a key area in which functionalized DLC coatings are investigated. 
Early studies76,84 demonstrated that pure DLC films (a-C:H) are not entirely inert but exhibit intrinsic bioactivity, 
resulting in significant cell membrane damage. This effect led to mortality rates of 28.4% for E. coli and 35.4% for 
Staphylococcus aureus84.

The dominant research strategy has been to enhance this intrinsic bioactivity through elemental doping:
•	 Non-metals (F, TiO2): Fluorine doping increased bactericidal activity to approximately 60%85;
•	 Doping with TiO2

75 increased surface hydrophilicity, which led to higher bacterial adhesion. Under ultraviolet 
irradiation, this increased adhesion resulted in improved overall bactericidal efficacy due to enhanced contact 
between bacteria and the surface;

•	 Metals and nanostructures (Ag, ND, ZrO2, Zn): Ag-DLC coatings74 showed increased antibacterial efficacy. 
Further studies with nanodiamond and zirconia coatings also demonstrated high antibacterial properties86,87. 
The Zn-DLC films achieved high antimicrobial efficacy, with approximately 100% reduction in E. coli and  
S. aureus, and 99.6% reduction in Candida albicans88. 

However, the study also demonstrated that Zn-DLC films were highly cytotoxic to oral keratinocytes when tested 
with 100% of the extract. On the other hand, diluted extracts (10%) from films with lower zinc content (43.4 at.%) 
showed no significant difference in cell viability compared to the uncoated control group, indicating that cytotoxicity 
can be mitigated by reducing the zinc concentration in the coating.

DOMAIN 4: BIOCOMPATIBILITY VALIDATION AND FAILURE ANALYSIS 

In parallel with the development of specific applications, the DLC platform, particularly TiO2-DLC and NCD-DLC 
composites, underwent validation through a rigorous biocompatibility pipeline in accordance with ISO 10993 standards:

•	 Phase 1: In-vitro screening (ISO 10993-5): Initial investigations80 assessed the cytotoxicity of the 
nanocomposites. Employing the standard L-929 fibroblast model, these studies demonstrated that TiO2 and 
NCD nanocomposites were biocompatible. Specifically, NCD-DLC increased cell viability (MTT assay) from 
approximately 58 to 85% and reduced cell death (LDH assay) from 68 to 44% relative to pure DLC80;

•	 Phase 2: In-vivo screening (ISO 10993-6): Wachesk et al.89 advanced the safety assessment by conducting  
in-vivo tests at a non-application-specific site. The implantation of TiO2-DLC films in the peritoneal cavity of 

https://creativecommons.org/licenses/by/4.0/


13Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

Bonetti LF, Marciano FR, Lima GG, Monção RM, Correa LSM, Pillaca EJDM, Corat EJ, Trava- Airoldi VJ

mice, followed by evaluation of the inflammatory response via macrophage lavage, confirmed that the films 
“did not induce an inflammatory process;”

•	 Phase 3: Failure modes (corrosion): The research further examined potential failure modes90–93. Ramos  
et al.90 investigated electrochemical corrosion resistance using simulated body fluid as an aggressive 
electrolyte. Analysis through electrochemical impedance spectroscopy and Nyquist/Bode plots confirmed the 
stability of NCD-DLC films, which is essential for implantable devices.

This systematic validation pipeline, which progresses from general in-vitro to in-vivo and application-specific 
testing, exemplifies a robust methodology in biomaterials engineering.

NEW BIOLOGICAL APPLICATION: DIAMOND-LIKE CARBON FOR SURFACE-
ENHANCED RAMAN SPECTROSCOPY

Molecular-level detection has become an important part of medical diagnostics, disease and environmental 
monitoring, forensic science, and food safety testing. This technique ensures a rapid and sensitive method to detect 
traces in very small volumes and in complex environments94. The identification of target analytes allows us to obtain 
information about cellular functions and evaluate therapeutic efficacy.   

Most times, immunological or molecular biology methods, such as enzyme-linked immunosorbent assay or 
polymerase chain reaction, are applied to detect peptides and proteins, as well as to amplify nucleic acids for reliable 
and sequence-specific detection, respectively95,96. Optical methods have been extensively studied97,98 for bioanalytical 
purposes even though some techniques require high operating expenses. Magnetic and plasmonic analysis techniques 
are some of the other methods implemented in laboratories for rapid and sensitive detection of trace analytes. 

Over the past 10 years, the ultrasensitive detection platform based on SERS has received considerable attention 
as a promising approach for target molecule detection due to its high specificity, improved sensitivity, and rapid 
readout capability94,99–102. SERS is a vibrational optical technique that boosts the scattered light signal by several orders 
of magnitude compared to the regular Raman signal and can identify analyte molecules at very low concentrations, 
even single-molecule detection103. The high sensitivity of SERS is due to the localized surface plasmon resonances 
produced by noble metal nanostructures, particularly silver and gold104. The efficiency of a SERS substrate is largely 
dependent on surface characteristics. As a result, the fabrication of robust, repeatable, and high-sensitivity SERS 
substrates in which the plasmonic resonance effect can be optimized remains a challenging research topic105.

The SERS technique has many applications, including biological sensing, trace analysis, medical diagnostics, forensic 
science, and the detection of pesticides, explosives, and drugs, among others106,107. Recently, SERS has been applied 
primarily in bioanalytics, in which it has been used to study nucleotides and amino acids, including complex functional 
structures, such as nucleic acids and proteins102,108,109. In addition, SERS is an attractive tool for investigating and 
characterizing whole prokaryotic cells, such as bacteria, biofilms, viruses, eukaryotic cells, and tissues110. 

Despite significant advances in SERS substrates for biomolecule detection, manufacturing solid substrates with 
highly sensitive, efficient nanostructured surfaces remains a major challenge due, among other factors, to the 
analyte-nanostructure-surface interaction that generates “hot spot” regions in which the Raman signal are amplified. 
For some types of molecules, it is possible to detect concentrations as low as 10-12 mol/L111–113. 

Given the need to fabricate solid SERS substrates, in which the relationship among the substrate's platform, 
metallic nanostructures, and analyte interaction enables plasmonic resonance to enhance Raman sensitivity, a DLC-
based substrate covered by AgNPs was recently developed68. Figures 13a and 13b show field emission gun-scanning 
electron microscopy (FEG-SEM) images of the nanostructure of the DLC nanoparticles at different magnifications, in 
which we can see the rough structure obtained after laser treatment of the DLC film. 

The DLC film, laser-treated, forms a rough structure with DLC nanoparticles ~100 nm in size. After silver 
electrodeposition on DLC, FEG-SEM micrographs show that AgNPs were deposited throughout the DLC structure 
(~85 ± 0.3% are silver covered), as shown in Fig. 13c. AgNPs form agglomerates of various sizes and do not have a 
defined spherical structure (Fig. 13d).
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Figure 13: R6G on surface-enhanced Raman spectroscopy (SERS) substrate. (a, b) Field emission gun-scanning electron 
microscopy (FEG-SEM) images for diamond-like carbon (DLC), and (c, d) for DLC/Ag. SERS spectra of the R6G molecule at 

different molar concentrations, and (e) the SERS spectra for three different concentrations of R6G molecules in water solution.
Source: Washek et al.68.

To evaluate the sensitivity of the DLC/Ag SERS substrate, Raman spectroscopy was employed to detect R6G at 
concentrations of 10-12, 10-18, and 10-21 M. The SERS spectra is presented in Fig. 13e, in which the principal peaks 
of R6G are displayed with high intensity. At the concentration of 10-12 M, there is a notable increase in analyte 
fluorescence. A significant finding is the successful detection of R6G at 10-21 M, as illustrated in Fig. 13e, which 
confirms the promising efficiency and single-molecule detection of the DLC/Ag SERS substrate.

Given these unexpected results, the DLC/Ag substrate is currently tested to determine the limit of detection for 
various substances, with the potential for applications in medical and biological fields, agriculture, and environmental 
monitoring, among others.

APPLICATIONS OF DIAMOND-LIKE CARBON INSIDE OF TUBES

The protection of internal metallic surfaces in tubular components using DLC coatings has gained increasing 
relevance due to the need to mitigate degradation under corrosive, erosive, or abrasive environments. Such 
technique can be applied in a wide range of engineering components, including engine cylinders, aircraft landing 
gear assemblies, military gun barrels, pipelines for petroleum and chemical transport, among others114. Wear 
occurring on internal surfaces can lead to significant reductions in operational performance and, in severe cases, 
catastrophic failure, with associated economic consequences. For these reasons, protective coatings for internal 
geometries remain a subject of considerable technological interest, although their practical implementation is still 
challenging due to the geometric constraints inherent to tubular substrates.

Diamond-like carbon inside of small tube

The physics of electrical discharges within tubular interiors has been extensively studied since the 1930s115, with 
the hollow cathode discharge (HCD) emerging as the predominant technique. Despite its elevated plasma density, 
the HCD method is generally not ideal for the growth of high-quality DLC films. This has motivated the development 
of alternative methods capable of maintaining non-thermal plasma equilibrium. Notable examples include 
PECVD116, plasma immersion ion implantation (PIII)117, magnetic field enhanced plasma deposition118, and PIII&D 
in crossed fields119. Several innovations have been introduced for DLC deposition, including the incorporation of 
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microwave antennas in hybrid configurations120; the strategic use of auxiliary electrodes to mitigate potential drops 

and enhance plasma uniformity120; and the application of magnetic fields119.

Deposition uniformity remains an important challenge reported in numerous studies of tubular substrates, 

primarily due to the reduction of ion energy121,122. This effect arises from the complex behavior of the plasma 

sheath and is directly correlated with the relationship between the sheath overlap radius (D) and the substrate 

diameter (R)123. This functional dependence is regarded as a characteristic parameter of discharges within tubes, 

given by Eq. 1:

					      � (1)

where: ε0: the permittivity of free space; φ0: the applied voltage (potential) at the tube; e: the elementary electric 

charge; n0: the bulk plasma density. 

The existence of plasma inside the tube is guaranteed when the condition R > D is satisfied.

Further challenges arise during DLC deposition inside tubes that compromise both coating quality and uniformity. 

The first major difficulty is the edge effect, which leads to plasma intensification at the tube extremities, causing 

excessive ion bombardment and localized overheating. This phenomenon adversely affects the homogeneity 

of the deposited DLC relative to the central region and simultaneously promotes sputtering, resulting in cross-

contamination of the growing film by metallic species released from the tube surface itself124. 

A second critical challenge arises from the need to maintain a uniform plasma density along the axial length of 

tubes with a high aspect ratio (L ≫ D), which significantly limits process scalability125. Overcoming these limitations 

requires intricate optimization of the power supply and precursor gas configuration, together with incorporating 

additional gas injection points to ensure a homogeneous process feed. These persistent challenges underscore 

the continuing need for research in surface engineering aimed at achieving reliable and uniform DLC deposition.

Diamond-like carbon inside of long tubes

Plasma-based coating processes applied to the interior surfaces of tubular components are typically carried 

out within a vacuum chamber. This requirement inherently limits the practical treatment of long tubes (often 

several meters in length) as it necessitates a vacuum system larger than the tube itself. From an economic 

standpoint, scaling up to chambers of such dimensions is frequently prohibitive. Consequently, this technological 

constraint has motivated the development of alternative strategies, most notably the concept of using the tube 

itself as the deposition chamber for DLC film growth, as proposed by Trava-Airoldi et al.126 and Casserly et al.127 

and shown in Fig. 14.

Crucial factors governing the successful deposition of coatings onto the inner surfaces of tubes have been well 

documented in the literature. It has been established that employing a unidirectional gas flow (gas feeding and 

evacuation occuring in the same direction) often leads to complex plasma behavior and the formation of non-

uniform coatings127. This issue can be effectively mitigated by implementing a bidirectional gas flow configuration, 

in which the gas is supplied and evacuated at both ends of the tube, resulting in thicker DLC films with improved 

quality128,129. Furthermore, plasma operating parameters play a decisive role, as demonstrated by Wang et al.130, who 

showed that the structural properties of DLC films are strongly influenced by the internal gas pressure. However, 

high-pressure operation presents a critical challenge, as the plasma discharge tends to evolve into an arc discharge. 

This instability was successfully addressed by Iwamoto et al.131, who achieved stable plasma generation glow through 

the application of nanopulses to the high-pressure plasma discharge.
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(a)
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Figure 14: Pulsed direct current plasma enhanced chemical vapor deposition for diamond-like carbon (DLC) films deposition at 
the National Institute for Space Research, Brazil: (a) preliminary experimental setup with a 1,300-mm long and 50-mm diameter 
tube; (b) typical plasma discharge observed inside the tube; (c) enhanced operational system, consisting of a tube 2,000 mm in 

length and 100 mm in diameter; (d) tube after DLC coating.
Source: Pillaca et al.128.

Therefore, it has been demonstrated that it is possible to obtain a DLC film of good quality and good uniformity 
inside long tubes. Further study is needed regarding the dependence of its properties on the tube/reactor aspect 
ratio, which is defined as the ratio of the tube diameter to its length.

CONCLUSIONS AND FUTURE PERSPECTIVES 

This work highlights the broad adoption and significant performance enhancements of DLC coatings by using 
a pulsed DC PECVD technique, more specifically through the pulsed DC PECVD technique with ion and electron 
confinement system. This improved technique expands DLC applications into challenging environments and 
specialized fields, particularly aerospace and biomaterials engineering. As mentioned, the key performance 
advancements concerning the addition of the ion and electron confinement system dramatically improves the 
mechanical and tribological properties of the DLC films, allowing for:

•	 Higher adhesion on a wide range of materials, including soft metals (like aluminum), non-metallic materials 
(composites, carbon fibers), and polymers (due to the unique ability to grow films at low temperatures);

•	 Enhanced performance, like thicker, more flexible films, and a lower coefficient of friction mainly in ultra-high-
vacuum environments (critical for space applications).

Concerning biomedical application, DLC is highly valued in biomaterials engineering due to its tunable properties. 
Its performance is dictated by its hybridization structure, chemical composition, and the specific application 
environment, necessitating tailored formulations rather than a universal coating. 

On implants (orthopedic and dental), the DLC enhances mechanical stability and all kinds of bioactivity. Also, 
applied on cardiovascular devices, it achieves bio-inertness and minimizes adverse reactions, which are strongly 
influenced by protein adsorption (the Vroman effect).

Concerning antimicrobial surfaces application, the DLC film from pulsed DC PECVD with ion and electron 
confinement system shows potential by inhibiting biofilm formation, as the film can be deposited without any kind 
of metallic dopants, and so, without cytotoxic effects.

Moreover, the coatings exhibit aeronautic properties like rain erosion resistance and icephobic properties. Also, 
the deposition process can be applied inside long tubes for aggressive liquid transport systems.

For the future, new rote needs to be studied, concerning biologic research on advanced coatings with 
functionalized surface design to meet the specific requirements of complex biomedical devices, such as neural 
interfaces and incorporated nanotechnology. The pulsed DC PECVD technique with ion and electron confinement 
offers the possibility of very big scaling up allowing deposition on big and complex threedimensiona surfaces.

https://creativecommons.org/licenses/by/4.0/


17Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

Bonetti LF, Marciano FR, Lima GG, Monção RM, Correa LSM, Pillaca EJDM, Corat EJ, Trava- Airoldi VJ

CONFLICT OF INTEREST

Nothing to declare.

AUTHOR CONTRIBUTIONS

Conceptualization, Project administration, Writing – review & editing: Trava Airoldi VJ, Bonetti LF; Writing – 

original draft, Formal Analysis, Resources, Methodology: Bonetti LF, Marciano FR, Lima GG, Monção RM, Correa 

LSM, Pillaca EJDM, Corat EJ, Trava Airoldi VJ. Supervision: Trava-Airoldi VJ; Final approval: Trava-Airoldi VJ.

DECLARATION OF USE OF INTELLIGENCE ARTIFICIAL TOOLS

The writing of this review paper did not use artificial intelligence.

AVAILABILITY OF DATA AND MATERIALS

The data will be available upon request.

FUNDING

Fundação de Amparo à Pesquisa do Estado de São Paulo 

Grants No: 2012/15857-1 and 2019/2019/18572-7

Conselho Nacional de Desenvolvimento Científico e Tecnológico 

Grants No: 112998/2022-4 and 308712/2022-6

ACKNOWLEDGEMENTS

Not applicable.

REFERENCES

1.	 Robertson J. Diamond-like amorphous carbon. Mater Sci Eng R. 2002;37(4-6):129–281. https://doi.org/10.1016/
S0927-796X(02)00005-0

2.	 Shaikh S, Sadeghi M, Cruz S, Ferreira F. Recent progress on the tribology of pure/doped diamond-like carbon 
coatings and ionic liquids. Coatings. 2024;14(1):71. https://doi.org/10.3390/coatings14010071

3.	 Alanazi A. Review of diamond like carbon films fabrications and applications as new biomaterials in medical 
field. J Adv Mater Sci Eng. 2024;4(1):1–10. https://doi.org/10.33425/2771-666X.1018

4.	 Wu L, Bai Z, Hao G, Qin J. Improving wear resistance of DLC-coated metal components during service: a review. 
Lubricants. 2025;13(6):257. https://doi.org/10.3390/lubricants13060257

https://creativecommons.org/licenses/by/4.0/
https://ror.org/02ddkpn78
https://ror.org/03swz6y49
https://doi.org/10.1016/S0927-796X(02)00005-0
https://doi.org/10.1016/S0927-796X(02)00005-0
https://doi.org/10.3390/coatings14010071
https://doi.org/10.33425/2771-666X.1018
https://doi.org/10.3390/lubricants13060257


18 Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

DIAMOND-LIKE CARBON FILMS: IMPROVED PROPERTIES AND NEW APPLICATIONS

5.	 Santos L, Trava-Airoldi VJ, Corat EJ, Nogueira J, Leite NF. DLC cold welding prevention films on a Ti6Al4V alloy for 
space applications. Surf Coat Technol. 2006;200(8):2587–93. https://doi.org/10.1016/j.surfcoat.2005.08.151

6.	 Capote G, Bonetti LF, Santos LV, Corat EJ, Trava-Airoldi VJ. Influência da intercamada de silício amorfo na tensão 
total e na aderência de filmes de DLC em substratos de Ti6Al4V. Rev Bras Appl Vácuo. 2006;25(1):5–10. https://
doi.org/10.17563/rbav.v25i1.81

7.	 Bonetti LF, Capote G, Santos LV, Corat EJ, Trava-Airoldi VJ. Adhesion studies of diamond-like carbon films 
deposited on Ti6Al4V substrate with a silicon interlayer. Thin Solid Films. 2006;515(1):375–9. https://doi.
org/10.1016/j.tsf.2005.12.154

8.	 Capote G, Bonetti LF, Santos LV, Trava-Airoldi VJ, Corat EJ. Adherent diamond-like carbon coatings on metals 
via rf-PECVD and IBAD. Braz J Phys. 2006;36(3b):986–9. https://doi.org/10.1590/S0103-97332006000600050

9.	 Bonetti LF, Capote G, Trava-Airoldi VJ, Corat EJ, Santos LV. Adherent a-C:H films deposited by IBAD method. Rev 
Bras Appl Vácuo. 2006;25(4):227–31. https://doi.org/10.17563/rbav.v25i4.49

10.	 Capote G, Bonetti LF, Trava-Airoldi VJ, Santos LV, Corat EJ. Deposition of adherent DLC films using a low-cost 
enhanced pulsed-DC PECVD method. Rev Bras Appl Vácuo. 2006;25(4):209–13. https://doi.org/10.17563/rbav.
v25i4.45

11.	 Trava-Airoldi VJ, Santos LV, Bonetti LF, Capote G, Radi PA, Corat EJ. Tribological and mechanical properties 
of DLC film obtained on metal surface by an enhanced and low cost pulsed DC discharge. Int J Surf Sci Eng. 
2006;1(4):417–28. https://doi.org/10.1504/IJSURFSE.2007.016693

12.	 Trava-Airoldi VJ, Bonetti LF, Capote G, Santos LV, Corat EJ. A comparison of DLC film properties obtained 
by r.f. PACVD, IBAD, and enhanced pulsed-DC PACVD. Surf Coat Technol. 2007;202(3):549–54. https://doi.
org/10.1016/j.surfcoat.2007.06.030

13.	 Trava-Airoldi VJ, Bonetti LF, Capote G, Fernandes J, Blando E, Hubler R, Radi PA, Santos LV, Corat EJ. DLC film 
properties obtained by a low cost and modified pulsed-DC discharge. Thin Solid Films. 2007;516(2-4):272–6. 
https://doi.org/10.1016/j.tsf.2007.06.100

14.	 Capote G, Bonetti LF, Santos LV, Trava-Airoldi VJ, Corat EJ. Adherent amorphous hydrogenated carbon films 
on metals deposited by plasma enhanced chemical vapor deposition. Thin Solid Films. 2008;516(12):4011–7. 
https://doi.org/10.1016/j.tsf.2007.08.007

15.	 Marciano FR, Bonetti LF, Pessoa RS, Marcuzzo JS, Massi M, Santos LV, Trava-Airoldi VJ. The improvement of 
DLC film lifetime using silver nanoparticles for use on space devices. Diam Relat Mater. 2008;17(7-10):1674–9. 
https://doi.org/10.1016/j.diamond.2008.03.007

16.	 Radi PA, Santos LV, Bonetti LF, Capote G, Trava-Airoldi VJ. Friction and wear maps of titanium alloy against 
a-C:H20% (DLC) film. Surf Coat Technol. 2008;203(5-7):741–4. https://doi.org/10.1016/j.surfcoat.2008.08.049

17.	 Michler T, Grischke M, Traus I, Bewilogua K, Dimigen H. Mechanical properties of DLC prepared by bipolar 
pulsed DCPACVD. Diam Relat Mater. 1998;7(9):1333–7. https://doi.org/10.1016/S0925-9635(98)00203-9

18.	 Corbella C, Vives M, Oncins G, Canal C, Andujar JL, Bertran E. Characterization of DLC films obtained at 
room temperature by pulsed-dc PECVD. Diam Relat Mater. 2004;13(4-8):1494-9. https://doi.org/10.1016/j.
diamond.2003.10.079

19.	 Xu M, Li L, Cai X, Liu Y, Chen Q, Chu PK. Improvement of adhesion strength of amorphous carbon films on 
tungsten ion implanted 321 stainless steel substrate. Diam Relat Mater. 2006;15(4-8):952–7. https://doi.
org/10.1016/j.diamond.2005.11.005

20.	 Ueda M, Silva AR, Pillaca EJDM, Mariano SFM, Rossi JO, Oliveira RM, Pichon L, Reuther H. New possibilities of 
plasma immersion ion implantation (PIII) and deposition (PIII&D) in industrial components using metal tube 
fixtures. Surf Coat Technol. 2017;312:37–46. https://doi.org/10.1016/j.surfcoat.2016.08.067

21.	 Mariano SFM, Ueda M, Oliveira RM, Pillaca EJD, Santos NM. Magnetic-field enhanced plasma immersion ion 
implantation and deposition (PIII&D) of diamond-like carbon films inside tubes. Surf Coat Technol. 2017;312:47–54.  
https://doi.org/10.1016/j.surfcoat.2016.08.077

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.surfcoat.2005.08.151
https://doi.org/10.17563/rbav.v25i1.81
https://doi.org/10.17563/rbav.v25i1.81
https://doi.org/10.1016/j.tsf.2005.12.154
https://doi.org/10.1016/j.tsf.2005.12.154
https://doi.org/10.1590/S0103-97332006000600050
https://doi.org/10.17563/rbav.v25i4.49
https://doi.org/10.17563/rbav.v25i4.45
https://doi.org/10.17563/rbav.v25i4.45
https://doi.org/10.1504/IJSURFSE.2007.016693
https://doi.org/10.1016/j.surfcoat.2007.06.030
https://doi.org/10.1016/j.surfcoat.2007.06.030
https://doi.org/10.1016/j.tsf.2007.06.100
https://doi.org/10.1016/j.tsf.2007.08.007
https://doi.org/10.1016/j.diamond.2008.03.007
https://doi.org/10.1016/j.surfcoat.2008.08.049
https://doi.org/10.1016/S0925-9635(98)00203-9
https://doi.org/10.1016/j.diamond.2003.10.079
https://doi.org/10.1016/j.diamond.2003.10.079
https://doi.org/10.1016/j.diamond.2005.11.005
https://doi.org/10.1016/j.diamond.2005.11.005
https://doi.org/10.1016/j.surfcoat.2016.08.067
https://doi.org/10.1016/j.surfcoat.2016.08.077


19Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

Bonetti LF, Marciano FR, Lima GG, Monção RM, Correa LSM, Pillaca EJDM, Corat EJ, Trava- Airoldi VJ

22.	 Gómez I, Claver A, Santiago JA, Fernandez I, Palacio JF, Diaz C, Mandand MS, Garcia JA. Improved adhesion of the 
DLC coating using HiPIMS with positive pulses and plasma immersion pretreatment. Coatings. 2021;11(9):1070. 
https://doi.org/10.3390/coatings11091070

23.	 Silva WM, Trava-Airoldi VJ, Chung YW. Surface modification of 6150 steel substrates for the deposition of thick 
and adherent diamond-like carbon coatings. Surf Coat Technol. 2011;205(12):3703–7. https://doi.org/10.1016/j.
surfcoat.2011.01.013

24.	 Lima-Oliveira DA, Costa RPC, Martins GV, Corat EJ, Trava-Airoldi VJ, Lobo AO, Marciano FR. Adhesion studies of 
diamond-like carbon films deposited on Ti6Al4V alloy after carbonitriding. Open J Metal. 2012;2(1):1–7. https://
doi.org/10.4236/ojmetal.2012.21001

25.	 Silva WM, Carneiro JRG, Trava-Airoldi VJ. XPS, XRD and laser Raman analysis of surface modified 6150 steel 
substrates for the deposition of thick and adherent diamond-like carbon coatings. Mater Res. 2013;16(3):603–8.  
https://doi.org/10.1590/S1516-14392013005000027

26.	 Dalibon EL, Charadia R, Cabo A, Bruhl SP, Trava-Airoldi VJ. Evaluation of the mechanical behaviour of a DLC film 
on plasma nitrided AISI 420 with different surface finishing. Surf Coat Technol. 2013;235:735–40. https://doi.
org/10.1016/j.surfcoat.2013.08.059

27.	 Capote G, Corat EJ, Trava-Airoldi VJ. Deposition of amorphous hydrogenated carbon films on steel surfaces 
through the enhanced asymmetrical modified bipolar pulsed-DC PECVD method. Surf Coat Technol. 
2014;260:133–8. https://doi.org/10.1016/j.surfcoat.2014.09.046

28.	 Silva PCS, Martins GV, Pereira LA, Corat EJ, Trava-Airoldi VJ. Adherence analysis of DLC films grown on AISI M2 
steel substrates as a function of silicon interlayer thickness. Mater Sci Forum. 2014;802:388–91. https://doi.
org/10.4028/www.scientific.net/MSF.802.388

29.	 Pereira LA, Mattos MB, Corat EJ, Trava-Airoldi VJ. Adherence study of diamond-like carbon films deposited on 
X45 CrSi 9-3 steel with a silicon interlayer. Mater Sci Forum. 2014;802:642–7. https://doi.org/10.4028/www.
scientific.net/MSF.802.642

30.	 Capote G, Olaya JJ, Trava-Airoldi VJ. Adherent amorphous hydrogenated carbon coatings on steel surfaces 
deposited by enhanced asymmetrical bipolar pulsed-DC PECVD method and hexane as precursor. Surf Coat 
Technol. 2014;251:276–82. https://doi.org/10.1016/j.surfcoat.2014.04.037

31.	 Dalibon EL, Trava-Airoldi VJ, Pereira LA, Cabo A, Bruhl SP. Wear resistance of nitrided and DLC coated PH 
stainless steel. Surf Coat Technol. 2014;255:22–7. https://doi.org/10.1016/j.surfcoat.2013.11.004

32.	 Capote G, Trava-Airoldi VJ, Bonetti LF. Plasma treatments for metallic surface modification to obtain highly 
adherent diamond-like carbon coatings. IEEE Trans Plasma Sci. 2014;42(6):1742–6. https://doi.org/10.1109/
TPS.2014.2320854

33.	 Silva WM, Carneiro JR, Trava-Airoldi VJ. Effect of carbonitriding temperature process on the adhesion properties 
of diamond-like carbon coatings deposited by PECVD on austenitic stainless steel. Diam Relat Mater. 
2014;42:58–63. https://doi.org/10.1016/j.diamond.2013.12.004

34.	 Silva WM, Jesus LM, Carneiro JR, Souza PS, Martins PS, Trava-Airoldi VJ. Performance of carbide tools coated with 
DLC in the drilling of SAE 323 aluminum alloy. Surf Coat Technol. 2015;284:404–9. https://doi.org/10.1016/j.
surfcoat.2015.09.061

35.	 Dalibón EL, Guitar MA, Trava-Airoldi VJ, Mucklich F, Bruhl SP. Plasma nitriding and DLC coatings for corrosion 
protection of precipitation hardening stainless steel. Adv Eng Mater. 2015;18(5):826–32. https://doi.org/10.1002/
adem.201500411

36.	 Marciano FR, Marcuzzo JS, Bonetti LF, Trava-Airoldi VJ, Corat EJ. Use of near atmospheric pressure and low 
pressure techniques to modification DLC film surface. Surf Coat Technol. 2009;204(1-2):64–8. https://doi.
org/10.1016/j.surfcoat.2009.06.049

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11091070
https://doi.org/10.1016/j.surfcoat.2011.01.013
https://doi.org/10.1016/j.surfcoat.2011.01.013
https://doi.org/10.4236/ojmetal.2012.21001
https://doi.org/10.4236/ojmetal.2012.21001
https://doi.org/10.1590/S1516-14392013005000027
https://doi.org/10.1016/j.surfcoat.2013.08.059
https://doi.org/10.1016/j.surfcoat.2013.08.059
https://doi.org/10.1016/j.surfcoat.2014.09.046
https://doi.org/10.4028/www.scientific.net/MSF.802.388
https://doi.org/10.4028/www.scientific.net/MSF.802.388
https://doi.org/10.4028/www.scientific.net/MSF.802.642
https://doi.org/10.4028/www.scientific.net/MSF.802.642
https://doi.org/10.1016/j.surfcoat.2014.04.037
https://doi.org/10.1016/j.surfcoat.2013.11.004
https://doi.org/10.1109/TPS.2014.2320854
https://doi.org/10.1109/TPS.2014.2320854
https://doi.org/10.1016/j.diamond.2013.12.004
https://doi.org/10.1016/j.surfcoat.2015.09.061
https://doi.org/10.1016/j.surfcoat.2015.09.061
https://doi.org/10.1002/adem.201500411
https://doi.org/10.1002/adem.201500411
https://doi.org/10.1016/j.surfcoat.2009.06.049
https://doi.org/10.1016/j.surfcoat.2009.06.049


20 Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

DIAMOND-LIKE CARBON FILMS: IMPROVED PROPERTIES AND NEW APPLICATIONS

37.	 Marciano FR, Bonetti LF, Pessoa RS, Massi M, Santos LV, Trava-Airoldi VJ. Oxygen plasma etching of silver-
incorporated diamond-like carbon films. Thin Solid Films. 2009;517(19):5739–42. https://doi.org/10.1016/j.
tsf.2009.04.037

38.	 Costa RPC, Lima-Oliveira DA, Marciano FR, Trava-Airoldi VJ. Tribological behavior of DLC films in space and 
automotive oil under boundary lubrication. J Aerosp Eng Sci Appl. 2012;4(1):104–9. https://doi.org/10.7446/
jaesa.0401.10

39.	 Marciano FR, Lima-Oliveira DA, Corat EJ, Trava-Airoldi VJ. Tribological effect of iron oxide residual on the DLC 
film surface under seawater and saline solutions. Surf Sci. 2011;605(7-8):783–7. https://doi.org/10.1016/j.
susc.2011.01.018

40.	 Costa RPC, Marciano FR, Oliveira DAL, Trava-Airoldi VJ. Enhanced DLC wear performance by the presence of 
lubricant additives. Mater Res. 2011;14(2):222–6. https://doi.org/10.1590/S1516-14392011005000023

41.	 Costa RPC, Lima-Oliveira DA, Marciano FR, Lobo AO, Corat EJ, Trava-Airoldi VJ. Comparative study of the 
tribological behavior under hybrid lubrication of diamond-like carbon films with different adhesion interfaces. 
Appl Surf Sci. 2013;285(Part B):645–8. https://doi.org/10.1016/j.apsusc.2013.08.105

42.	 Radi PA, Marciano FR, Lima-Oliveira DA, Santos LV, Corat EJ, Trava-Airoldi VJ. Influence of crystalline diamond 
nanoparticles on diamond-like carbon friction behavior. Appl Surf Sci. 2011;257(17):7387–93. https://doi.
org/10.1016/j.apsusc.2011.02.034

43.	 Zanin H, May PW, Lobo AO, Saito E, Machado JPB, Martins GV, Trava-Airoldi VJ, Corat EJ. Effect of multi-walled 
carbon nanotubes incorporation on the structure, optical and electrochemical properties of diamond-like 
carbon thin films. J Electrochem Soc. 2014;161:H290. https://doi.org/10.1149/2.011405jes

44.	 Dias DT, Bedeschi V, Silva AF, Nakamura O, Meira MVC, Trava-Airoldi VJ. Photoacoustic spectroscopy and thermal 
diffusivity measurement on hydrogenated amorphous carbon thin films deposited by plasma-enhanced 
chemical vapor deposition. Diam Relat Mater. 2014;48:1–5. https://doi.org/10.1016/j.diamond.2014.06.003

45.	 Bonetti LF, Trava-Airoldi VJ. New concepts in order to improve the adhesion of DLC films and all its properties. 
CVD Vale Reports. 2015.

46.	 Capote G, Ramirez MA, Silva PCS, Lugo DC, Trava-Airoldi VJ. Improvement of the properties and the adherence 
of DLC coatings deposited using a modified pulsed-DC PECVD technique and an additional cathode. Surf Coat 
Technol. 2016;308:70–9. https://doi.org/10.1016/j.surfcoat.2016.08.096

47.	 Ramos MAR, Silva PCS, Corat EJ, Trava-Airoldi VJ. An evaluation of the tribological characteristics of DLC films 
grown on Inconel Alloy 718 using the Active Screen Plasma technique in a Pulsed-DC PECVD system. Surf Coat 
Technol. 2015;284:235–9. https://doi.org/10.1016/j.surfcoat.2015.08.077

48.	 Dalibon EL, Bruhl SP, Trava-Airoldi VJ, Escalada L, Simison SN. Hard DLC coating deposited over nitrided 
martensitic stainless steel: analysis of adhesion and corrosion resistance. J Mater Res. 2016;31:3549–56. 
https://doi.org/10.1557/jmr.2016.380

49.	 Silva PCS, Ramos MAR, Corat EJC, Trava-Airoldi VJ. DLC films grown on steel using an innovator active screen 
system for PECVD technique. Mater Res. 2016;19(4):882–8. https://doi.org/10.1590/1980-5373-MR-2015-0456

50.	 Lugo DC, Silva PC, Ramirez MA, Pillaca EJDM, Rodrigues CL, Fukimasu NK, Corat EJ, Tabacniks MH, Trava-Airoldi 
VJ. Characterization and tribologic study in high vacuum of hydrogenated DLC films deposited using pulsed 
DC PECVD system for space applications. Surf Coat Technol. 2017;332:135–41. https://doi.org/10.1016/j.
surfcoat.2017.07.084

51.	 Dalibon EL, Pecina JN, Cabo A, Trava-Airoldi VJ, Bruhl SP. Fretting wear resistance of DLC hard coatings deposited 
on nitrided martensitic stainless steel. J Mater Res Technol. 2018;8(1):259–66. https://doi.org/10.1016/j.
jmrt.2017.12.004

52.	 Fukumasu NK, Bernardes CF, Ramirez MA, Trava-Airoldi VJ, Souza RM, Machado IF. Local transformation of 
amorphous hydrogenated carbon coating induced by high contact pressure. Tribol Int. 2018;124:200–8. 
https://doi.org/10.1016/j.triboint.2018.04.006

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.tsf.2009.04.037
https://doi.org/10.1016/j.tsf.2009.04.037
https://doi.org/10.7446/jaesa.0401.10
https://doi.org/10.7446/jaesa.0401.10
https://doi.org/10.1016/j.susc.2011.01.018
https://doi.org/10.1016/j.susc.2011.01.018
https://doi.org/10.1590/S1516-14392011005000023
https://doi.org/10.1016/j.apsusc.2013.08.105
https://doi.org/10.1016/j.apsusc.2011.02.034
https://doi.org/10.1016/j.apsusc.2011.02.034
https://doi.org/10.1149/2.011405jes
https://doi.org/10.1016/j.diamond.2014.06.003
https://doi.org/10.1016/j.surfcoat.2016.08.096
https://doi.org/10.1016/j.surfcoat.2015.08.077
https://doi.org/10.1557/jmr.2016.380
https://doi.org/10.1590/1980-5373-MR-2015-0456
https://doi.org/10.1016/j.surfcoat.2017.07.084
https://doi.org/10.1016/j.surfcoat.2017.07.084
https://doi.org/10.1016/j.jmrt.2017.12.004
https://doi.org/10.1016/j.jmrt.2017.12.004
https://doi.org/10.1016/j.triboint.2018.04.006


21Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

Bonetti LF, Marciano FR, Lima GG, Monção RM, Correa LSM, Pillaca EJDM, Corat EJ, Trava- Airoldi VJ

53.	 Capote G, Lugo DC, Gutierrez JM, Mastrapa GC, Trava-Airoldi VJ. Effect of amorphous silicon interlayer on the 
adherence of amorphous hydrogenated carbon coatings deposited on several metallic surfaces. Surf Coat 
Technol. 2018;344:644–55. https://doi.org/10.1016/j.surfcoat.2018.03.093

54.	 Campos WSH, Gutierrez JMB, Trava-Airoldi VJ, Olaya JJ, Alfonso JE, Capote G. Influence of the TixSi and TixSi/a-
Si:H interlayers on adherence of diamond-like carbon coatings. Diam Relat Mater. 2020;109:108079. https://
doi.org/10.1016/j.diamond.2020.108079

55.	 Dalibon EL, Moreira RD, Guitar MA, Trava-Airoldi VJ, Bruhl SP. Influence of the substrate pre-treatment on the 
mechanical and corrosion response of multilayer DLC coatings. Diam Relat Mater. 2021;118:108507. https://
doi.org/10.1016/j.diamond.2021.108507

56.	 Capote SA, Corat EJ, Capote G, Trava-Airoldi VJ. Effect of low-pressure deposition on the mechanical and 
tribological properties of a-C:H films deposited via modified pulsed-DC PECVD with active screen as an 
additional cathode. Surf Coat Technol. 2022;445:128716. https://doi.org/10.1016/j.surfcoat.2022.128716

57.	 Gutierrez JMB, Hincapie CWS, Andrade VM, Conceição K, Trava-Airoldi VJ, Capote G. Diamond-like carbon 
films doped with ZrO2 nanoparticles: Improving antimicrobial properties. Diam Relat Mater. 2023;140(Part 
B):110500. https://doi.org/10.1016/j.diamond.2023.110500

58.	 Chagas SL, Libório MS, Radi PA, Pereira DAR, Trava-Airoldi VJ, Conceição HTF, Alves SM. DLC/a-Si:H multilayers 
films to improve wear resistance of components of common rail injection system. J Mater Res Technol. 
2023;26:2617–28. https://doi.org/10.1016/j.jmrt.2023.08.078

59.	 Kolawole FO, Vernasqui LG, Pillaca EJDM, Silva MWA, Kolawole SK, Corat EJ, Trava-Airoldi VJ. Electrochemical 
behavior of DLC-graphene deposited using a pulsed-DC PECVD with an additional cathode. Diam Relat Mater. 
2025;156:112397. https://doi.org/10.1016/j.diamond.2025.112397

60.	 Kolawole FO, Pillaca EJDM, Martins GV, Kolawole SK, Corat EJ, Trava-Airoldi VJ. Deposition of graphene 
incorporated diamond-like carbon coatings using pulsed-DC PECVD with an additional cathode for space 
applications. Diam Relat Mater. 2025;156:112422. https://doi.org/10.1016/j.diamond.2025.112422 

61.	 Pillaca EJDM, Correia RFBO, Martins GV, Ferreira SR, Da Silva TF, Rodrigues CL, Trava-Airoldi VJ. Preparation of 
boron-doped diamond-like carbon films via enhanced-PECVD using an additional cathode. Surf Coat Technol. 
2024;478:130432. https://doi.org/10.1016/j.surfcoat.2024.130432

62.	 Radi PA, Viera L, Leite P, Trava-Airoldi VJ, Massi M, Reis DAP. Tribocorrosion studies on DLC films with 
silver nanoparticles for prosthesis applications. Surf Topogr Metrol Prop. 2024;12:015019. https://doi.
org/10.1088/2051-672X/ad2ebe

63.	 Hincapie WSC, Gutierrez JMB, Capote G, Trava-Airoldi VJ. X-Ray Photoelectron Spectroscopy of TixAl and TixAl/
A-Si:H interlayer with different thicknesses on stainless steel to enhancing adhesion of DLC films. Coatings. 
2024;14(11):1393. https://doi.org/10.3390/coatings14111393

64.	 Gobbi SJ, Ferreira JLA, Araujo J, André P, Henriques VAR, Trava-Airoldi VJ, Moreira S, Cosme RD. The effect 
of DLC surface coatings on microabrasive wear of Ti-22Nb-6Zr obtained by powder metallurgy. Coatings. 
2024;14(11):1396. https://doi.org/10.3390/coatings14111396

65.	 Bonetti LF, Trava-Airoldi VJ. Properties of thin and thick DLC films on scale parameters studies. CVD Vale 
Reports. 2014–2024.

66.	 Machado SL. Influência da intercamada de silício na aderência do filme de DLC depositado em liga de alumínio 
AL 7065 por deposição química na fase vapor assistida por plasma (PECVD/DC pulsado) [Master’s thesis]. 2017.

67.	 Taiariol TS, Martins G, Hurtado C, Tada D, Corat EJ, Trava-Airoldi VJ. Effect of individual and multiple incorporation 
of Ag and TiO2 on the properties of DLC films. Diam Relat Mater. 2025;154:112119. https://doi.org/10.1016/j.
diamond.2025.112119

68.	 Washek CC, Murcia LSC, Bonetti LF, Corat EJ, Trava-Airoldi VJ. DLC based substrate enabling single molecule 
detection by Surface Enhanced Raman Spectroscopy (SERS). Diam Relat Mater. 2024;151:111775. https://doi.
org/10.1016/j.diamond.2024.111775

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.surfcoat.2018.03.093
https://doi.org/10.1016/j.diamond.2020.108079
https://doi.org/10.1016/j.diamond.2020.108079
https://doi.org/10.1016/j.diamond.2021.108507
https://doi.org/10.1016/j.diamond.2021.108507
https://doi.org/10.1016/j.surfcoat.2022.128716
https://doi.org/10.1016/j.diamond.2023.110500
https://doi.org/10.1016/j.jmrt.2023.08.078
https://doi.org/10.1016/j.diamond.2025.112397
https://doi.org/10.1016/j.diamond.2025.112422
https://doi.org/10.1016/j.surfcoat.2024.130432
https://doi.org/10.1088/2051-672X/ad2ebe
https://doi.org/10.1088/2051-672X/ad2ebe
https://doi.org/10.3390/coatings14111393
https://doi.org/10.3390/coatings14111396
https://doi.org/10.1016/j.diamond.2025.112119
https://doi.org/10.1016/j.diamond.2025.112119
https://doi.org/10.1016/j.diamond.2024.111775
https://doi.org/10.1016/j.diamond.2024.111775


22 Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

DIAMOND-LIKE CARBON FILMS: IMPROVED PROPERTIES AND NEW APPLICATIONS

69.	 Anne-Thomson L, Law FC, Rushton N, Franks J. Biocompatibility of diamond-like carbon coating. Biomaterials. 
1991;12(1):37–40. https://doi.org/10.1016/0142-9612(91)90129-X

70.	 Hauert R. A review of modified DLC coatings for biological applications. Diam Relat Mater. 2003;12(3-7):583–9. 
https://doi.org/10.1016/S0925-9635(03)00081-5

71.	 Roy RK, Lee KR. Biomedical applications of diamond-like carbon coatings: a review. J Biomed Mater Res B Appl 
Biomater. 2007;83(1):72–84. https://doi.org/10.1002/jbm.b.30768

72.	 Gutensohn K, Beythien C, Bau J, Fenner T, Grewe P, Koester R, Padmanaban K, Kuehnl P. In vitro analyses of 
diamond-like carbon coated stents: reduction of metal ion release, platelet activation, and thrombogenicity. 
Thromb Res. 2000;99(6):577–85. https://doi.org/10.1016/S0049-3848(00)00295-4

73.	 Jones MI, McColl IR, Grant DM, Parker KG, Parker TL. Protein adsorption and platelet attachment and activation on 
TiN, TiC, and DLC coatings on titanium for cardiovascular applications. J Biomed Mater Res. 2000;52(2):413–21. 
https://doi.org/10.1002/1097-4636(200011)52:2<413::aid-jbm23>3.0.co;2-u

74.	 Marciano FR, Bonetti LF, Santos LV, Da-Silva NS, Corat EJ, Trava-Airoldi VJ. Antibacterial activity of DLC and Ag–
DLC films produced by PECVD technique. Diam Relat Mater. 2009;18(5-8):1010–4. https://doi.org/10.1016/j.
diamond.2009.02.014

75.	 Marciano FR, Lima-Oliveira DA, Da-Silva NS, Diniz AV, Corat EJ, Trava-Airoldi VJ. Antibacterial activity of DLC 
films containing TiO2 nanoparticles. J Colloid Interface Sci. 2009;340(1):87–92. https://doi.org/10.1016/j.
jcis.2009.08.024

76.	 Marciano FR, Bonetti LF, Da-Silva NS, Corat EJ, Trava-Airoldi VJ. Diamond-like carbon films produced from high 
deposition rates exhibit antibacterial activity. Synth Met. 2009;159(21-22):2167–9. https://doi.org/10.1016/j.
synthmet.2009.07.050

77.	 Marciano FR, Wachesk CC, Lobo AO, Trava-Airoldi VJ, Pacheco-Soares C, Da-Silva NS. Thermodynamic aspects 
of fibroblastic spreading on diamond-like carbon films containing titanium dioxide nanoparticles. Theor Chem 
Acc. 2011;130:1085–93. https://doi.org/10.1007/s00214-011-1018-5

78.	 Wachesk CC, Pires CAF, Ramos BC, Trava-Airoldi VJ, Lobo AO, Pacheco-Soares C, Marciano FR, Da-Silva NS. Cell 
viability and adhesion on diamond-like carbon films containing titanium dioxide nanoparticles. Appl Surf Sci. 
2013;266:176–81. https://doi.org/10.1016/j.apsusc.2012.11.124

79.	 Wachesk CC, Trava-Airoldi VJ, Da-Silva NS, Lobo AO, Marciano FR. The influence of titanium dioxide on 
diamond-like carbon biocompatibility for dental applications. J Nanomater. 2016;2016:8194516. https://doi.
org/10.1155/2016/8194516

80.	 Almeida CN, Ramos BC, Da-Silva NS, Pacheco-Soares C, Trava-Airoldi VJ, Lobo AO, Marciano FR. Morphological 
analysis and cell viability on diamond-like carbon films containing nanocrystalline diamond particles. Appl Surf 
Sci. 2013;275:258–63. https://doi.org/10.1016/j.apsusc.2012.12.122 

81.	 Borges GA, Costa RC, Nagay BE, Sacramento CM, Ruiz KGS, Solano de Almeida L, Rossino LS, Fortulan CA, Rangel 
EC, Barão VAR, Mesquita MF. Targeting biomechanical endurance of dental-implant abutments using a diamond-
like carbon coating. ACS Appl Bio Mater. 2023;6(12):5630–43. https://doi.org/10.1021/acsabm.3c00802

82.	 Sa RCL, de Andrade AJP, Antunes VR, Salvadori C, de Sa Teixeira F, Corat EJ, Moro JR, Bock EGP, Trava-Airoldi 
VJ. Biofunctionalization of surfaces to minimize undesirable effects in cardiovascular assistance devices. Artif 
Organs. 2024;48(2):141–9. https://doi.org/10.1111/aor.14683

83.	 Goyama T, Fujii Y, Muraoka G, Nakatani T, Ousaka D, Imai Y, Kuwada N, Tsuji T, Shuku T, Uchida HA, Nishibori M, 
Oozawa S, Kasahara S. Comprehensive hemocompatibility analysis on the application of diamond-like carbon 
to ePTFE artificial vascular prosthesis. Sci Rep. 2023;13:8386. https://doi.org/10.1038/s41598-023-35594-7

84.	 Marciano FR, Bonetti LF, Mangolin JF, Da-Silva NS, Corat EJ, Trava-Airoldi VJ. Investigation into the antibacterial 
property and bacterial adhesion of diamond-like carbon films. Vacuum. 2011;85(6):662–6. https://doi.
org/10.1016/j.vacuum.2010.07.017

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0142-9612(91)90129-X
https://doi.org/10.1016/S0925-9635(03)00081-5
https://doi.org/10.1002/jbm.b.30768
https://doi.org/10.1016/S0049-3848(00)00295-4
https://doi.org/10.1002/1097-4636(200011)52
https://doi.org/10.1016/j.diamond.2009.02.014
https://doi.org/10.1016/j.diamond.2009.02.014
https://doi.org/10.1016/j.jcis.2009.08.024
https://doi.org/10.1016/j.jcis.2009.08.024
https://doi.org/10.1016/j.synthmet.2009.07.050
https://doi.org/10.1016/j.synthmet.2009.07.050
https://doi.org/10.1007/s00214-011-1018-5
https://doi.org/10.1016/j.apsusc.2012.11.124
https://doi.org/10.1155/2016/8194516
https://doi.org/10.1155/2016/8194516
https://doi.org/10.1016/j.apsusc.2012.12.122
https://doi.org/10.1021/acsabm.3c00802
https://doi.org/10.1111/aor.14683
https://doi.org/10.1038/s41598-023-35594-7
https://doi.org/10.1016/j.vacuum.2010.07.017
https://doi.org/10.1016/j.vacuum.2010.07.017


23Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

Bonetti LF, Marciano FR, Lima GG, Monção RM, Correa LSM, Pillaca EJDM, Corat EJ, Trava- Airoldi VJ

85.	 Marciano FR, Lima-Oliveira DA, Da-Silva NS, Corat EJ, Trava-Airoldi VJ. Antibacterial activity of fluorinated 
diamond-like carbon films produced by PECVD. Surf Coat Technol. 2010;204(18-19):2986–90. https://doi.
org/10.1016/j.surfcoat.2010.02.040

86.	 Gutiérrez BJM, Conceição K, de Andrade VM, Trava-Airoldi VJ, Capote G. High antibacterial properties 
of DLC film doped with nanodiamond. Surf Coat Technol. 2019;375:395–401. https://doi.org/10.1016/j.
surfcoat.2019.07.029

87.	 Gutiérrez BJM, Hincapié CWS, de Andrade VM, Conceição K, Trava-Airoldi VJ, Capote G. Diamond-like carbon 
films doped with ZrO2 nanoparticles: Improving antimicrobial properties. Diam Relat Mater. 2023;140(Part B): 
110500. https://doi.org/10.1016/j.diamond.2023.110500

88.	 Correia R FBO, Sampaio AG, Milhan NVM, Capote A, Gerdes H, Lachmann K, Trava-Airoldi VJ, Koga-Ito CY, 
Bandorf R. Zn:DLC films via PECVD-HIPIMS: Evaluation of antimicrobial activity and cytotoxicity to mammalian 
cells. J Vac Sci Technol A. 2023;41:033103. https://doi.org/10.1116/6.0002354

89.	 Wachesk CC, Seabra SH, Dos Santos TAT, Trava-Airoldi VJ, Lobo AO, Marciano FR. In vivo biocompatibility of 
diamond-like carbon films containing TiO2 nanoparticles for biomedical applications. J Mater Sci Mater Med. 
2021;32:117. https://doi.org/10.1007/s10856-021-06596-6

90.	 Ramos BC, Saito E, Trava-Airoldi VJ, Lobo AO, Marciano FR. Diamond-like carbon electrochemical corrosion 
resistance by addition of nanocrystalline diamond particles for biomedical applications. Surf Coat Technol. 
2014;259(Part C):732–6. https://doi.org/10.1016/j.surfcoat.2014.09.066

91.	 Lopes FS, Oliveira JR, Milani J, Oliveira LD, Machado JPB, Trava-Airoldi VJ, Lobo AO, Marciano FR. Biomineralized 
diamond-like carbon films with incorporated titanium dioxide nanoparticles improved bioactivity properties 
and reduced biofilm formation. Mater Sci Eng C. 2017;81:373–9. https://doi.org/10.1016/j.msec.2017.07.043

92.	 Peltola E, Wester N, Holt KB, Johansson LS, Koskinen J, Myllymäki V, Laurila T. Nanodiamonds on tetrahedral 
amorphous carbon significantly enhance dopamine detection and cell viability. Biosens Bioelectron. 
2017;88:273–82. https://doi.org/10.1016/j.bios.2016.08.055

93.	 Du Z, Xu Q, Xi Y, Xu M, Cao J, Wang L, Li X, Wang X, Liu Q, Lin Z, Yang B, Liu J. Controllable tip exposure of 
ultramicroelectrodes coated by diamond-like carbon via direct microplasma jet for enhanced stability and 
fidelity in single-cell recording. Microsystems Nanoeng. 2025;11:20. https://doi.org/10.1038/s41378-024-
00819-w

94.	 Perumal J, Wang Y, Attia ABE, Dinish US, Olivo M. Towards a point-of-care SERS sensor for biomedical and 
agri-food analysis applications: A review of recent advancements. Nanoscale. 2021;13(2):553–80. https://doi.
org/10.1039/D0NR06832B

95.	 Huang S, An Y, Xi B, Gong X, Chen Z, Shao S, Ge S, Zhang J, Zhang D, Xia N. Ultra-fast, sensitive and low-
cost real-time PCR system for nucleic acid detection. Lab Chip. 2023;23(11):2611–22. https://doi.org/10.1039/
d3lc00174a

96.	 Aydin S, Emre E, Ugur K, Aydin MA, Sahin İ, Cinar V, Akbulut T. An overview of ELISA: a review and update on best 
laboratory practices for quantifying peptides and proteins in biological fluids. J Int Med Res. 2025;53(2). https://
doi.org/10.1177/03000605251315913

97.	 Meyer A, Schedler B, Fitter J. Macromolecular high-affinity binding probed by advanced fluorescence techniques. 
ChemBioChem. 2025;26(15):e202500283. https://doi.org/10.1002/cbic.202500283

98.	 Giubertoni G, Rachid MG, Moll C, Hilbers M, Samanipour S, Woutersen S. UV/visible diffusion-ordered spectroscopy: 
a simultaneous probe of molecular size and electronic absorption. Anal Chem. 2024;96(38):15168–76.  
https://doi.org/10.1021/acs.analchem.4c02026

99.	 Chaubey SK, Kumar R, Lalaguna PL, Kartau M, Bianco S, Tabouillot V, Thomson AR, Sutherland A, Lyutakov O, 
Gadegaard N, Karimullah AS, Kadodwala M. Ultrasensitive Raman detection of biomolecular conformation at the 
attomole scale using chiral nanophotonics. Small. 2024;20(45):202404536. https://doi.org/10.1002/smll.202404536

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.surfcoat.2010.02.040
https://doi.org/10.1016/j.surfcoat.2010.02.040
https://doi.org/10.1016/j.surfcoat.2019.07.029
https://doi.org/10.1016/j.surfcoat.2019.07.029
https://doi.org/10.1016/j.diamond.2023.110500
https://doi.org/10.1116/6.0002354
https://doi.org/10.1007/s10856-021-06596-6
https://doi.org/10.1016/j.surfcoat.2014.09.066
https://doi.org/10.1016/j.msec.2017.07.043
https://doi.org/10.1016/j.bios.2016.08.055
https://doi.org/10.1038/s41378-024-00819-w
https://doi.org/10.1038/s41378-024-00819-w
https://doi.org/10.1039/D0NR06832B
https://doi.org/10.1039/D0NR06832B
https://doi.org/10.1039/d3lc00174a
https://doi.org/10.1039/d3lc00174a
https://doi.org/10.1177/03000605251315913
https://doi.org/10.1177/03000605251315913
https://doi.org/10.1002/cbic.202500283
https://doi.org/10.1021/acs.analchem.4c02026
https://doi.org/10.1002/smll.202404536


24 Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

DIAMOND-LIKE CARBON FILMS: IMPROVED PROPERTIES AND NEW APPLICATIONS

100.	Chen CJ, Lee DY, Yu J, Lin YN, Lin TM. Recent advances in LC-MS-based metabolomics for clinical biomarker 
discovery. Mass Spectrom Rev. 2023;42(6):2349–78. https://doi.org/10.1002/mas.21785

101.	Yang J, Li W, Li H, Wang X, Xu K, Li Q, Zheng T, Li J. Highly Sensitive microarray immunoassay for multiple 
mycotoxins on engineered 3D porous silicon SERS substrate with silver nanoparticle magnetron sputtering. 
Anal Chem. 2024;96(6):2425–34. https://doi.org/10.1021/acs.analchem.3c04359

102.	Ma H, Yan S, Lu X, Bao Y, Liu J, Liao L, Dai K, Cao M, Zhao X, Yan H, Wang H, Peng X, Chen N, Feng H, Zhu L, Yao 
G, Fan C, Wu D, Wang B, Wang X, Ren B. Rapidly determining the 3D structure of proteins by surface-enhanced 
Raman spectroscopy. Sci Adv. 2023;9(47):eadh8362. https://doi.org/10.1126/sciadv.adh8362

103.	Bharati MSS, Soma VR. Flexible SERS substrates for hazardous materials detection: recent advances. Opto-
Electron Adv. 2021;4(11):210048. https://doi.org/10.29026/oea.2021.210048

104.	Sultangaziyev A, Ilyas A, Dyussupova A, Bukasov R. Trends in Application of SERS Substrates beyond Ag and Au, 
and Their Role in Bioanalysis. Biosensors. 2022;12(11):967. https://doi.org/10.3390/bios12110967

105.	Huang Z, Peng J, Xu L, Liu P. Development and application of surface-enhanced raman scattering (SERS). 
Nanomaterials. 2024;14(17):1417. https://doi.org/10.3390/nano14171417

106.	Luo Z, Chen H, Bi X, Ye J. Monitoring kinetic processes of drugs and metabolites: Surface-enhanced Raman 
spectroscopy. Adv Drug Deliv Rev. 2025;217:115483. https://doi.org/10.1016/j.addr.2024.115483

107.	Hakonen A, Andersson PO, Stenbæk Schmidt M, Rindzevicius T, Käll M. Explosive and chemical threat detection 
by surface-enhanced Raman scattering: a review. Anal Chim Acta. 2015;893:1–13. https://doi.org/10.1016/j.
aca.2015.04.010

108.	Peng R, Guo L, Chen L, Liu L, Deng W, Li D. Reaction-modulated surface-enhanced raman scattering strategy 
for stereoselective differentiation and identification of amino acids. Anal Chem. 2024;96(38):15117–25. https://
doi.org/10.1021/acs.analchem.4c01519

109.	Xu G, Yu J, Liu S, Cai L, Han XX. In situ surface-enhanced Raman spectroscopy for membrane protein analysis 
and sensing. Biosens Bioelectron. 2025;267:116819. https://doi.org/10.1016/j.bios.2024.116819

110.	Wang Y, Zhang Z, Sun Y, Wu H, Luo L, Song Y. Recent advances in surface-enhanced raman scattering for 
pathogenic bacteria detection: a review. Sensors. 2025;25(5):1370. https://doi.org/10.3390/s25051370

111.	Kim MG, Jue M, Lee KH, Lee EY, Roh Y, Lee M, Lee HJ, Lee S, Liu H, Koo B, Jang YO, Kim EY, Zhen Q, Kim SH, Kim 
JK, Shin Y. Deep learning assisted surface-enhanced raman spectroscopy (SERS) for rapid and direct nucleic 
acid amplification and detection: toward enhanced molecular diagnostics. ACS Nano. 2023;17(18):18332–45. 
https://doi.org/10.1021/acsnano.3c05633

112.	Lu L, Lin J, Ye J. Human metabolite detection by surface-enhanced Raman spectroscopy. Mater Today Bio. 
2022;13:100205. https://doi.org/10.1016/j.mtbio.2022.100205

113.	Lu X, Ren W, Hu C, Liu C, Li Z. Plasmon-enhanced surface-enhanced raman scattering mapping concentrated 
on a single bead for ultrasensitive and multiplexed immunoassay. Anal Chem. 2020;92(18):12387–93. https://
doi.org/10.1021/acs.analchem.0c02125

114.	Wei R. Development of new technologies and practical applications of plasma immersion ion deposition (PIID). 
Surf Coat Technol. 2010;204(18-19):2869–74. https://doi.org/10.1016/j.surfcoat.2010.01.046

115.	Mikellides IG, Katz I, Goebel DM, Polk JE. Hollow cathode theory and experiment. II. A two-dimensional theoretical 
model of the emitter region. J Appl Phys. 2005;98:113303. https://doi.org/10.1063/1.2135409

116.	Inagawa K, Zeniya T, Hibino N. Characterization of diamond-like carbon films formed by magnetically enhanced 
plasma chemical vapor deposition. Surf Coat Technol. 2003;169-170:344–7. https://doi.org/10.1016/S0257-
8972(03)00105-1

117.	Baba K, Hatada R. Ion implantation into inner wall surface of a 1-m-long steel tube by plasma source ion 
implantation. Surf Coat Technol. 2000;128-129:112–5. https://doi.org/10.1016/S0257-8972(00)00584-3

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/mas.21785
https://doi.org/10.1021/acs.analchem.3c04359
https://doi.org/10.1126/sciadv.adh8362
https://doi.org/10.29026/oea.2021.210048
https://doi.org/10.3390/bios12110967
https://doi.org/10.3390/nano14171417
https://doi.org/10.1016/j.addr.2024.115483
https://doi.org/10.1016/j.aca.2015.04.010
https://doi.org/10.1016/j.aca.2015.04.010
https://doi.org/10.1021/acs.analchem.4c01519
https://doi.org/10.1021/acs.analchem.4c01519
https://doi.org/10.1016/j.bios.2024.116819
https://doi.org/10.3390/s25051370
https://doi.org/10.1021/acsnano.3c05633
https://doi.org/10.1016/j.mtbio.2022.100205
https://doi.org/10.1021/acs.analchem.0c02125
https://doi.org/10.1021/acs.analchem.0c02125
https://doi.org/10.1016/j.surfcoat.2010.01.046
https://doi.org/10.1063/1.2135409
https://doi.org/10.1016/S0257-8972(03)00105-1
https://doi.org/10.1016/S0257-8972(03)00105-1
https://doi.org/10.1016/S0257-8972(00)00584-3


25Rev. Bras. Apl. Vac., Campinas, Vol. 44, e0725, 2025

Bonetti LF, Marciano FR, Lima GG, Monção RM, Correa LSM, Pillaca EJDM, Corat EJ, Trava- Airoldi VJ

118.	Wei R, Rincon C, Booker TL, Arps JH. Magnetic field enhanced plasma (MFEP) deposition of inner surfaces of 
tubes. Surf Coat Technol. 2004;188-189:691–6. https://doi.org/10.1016/j.surfcoat.2004.07.077

119.	Mariano SF, Pillaca EJDM, Ueda M, Oliveira RM. Influence of the magnetic field on DLC coatings grown by plasma 
immersion ion implantation and deposition in crossed fields. Surf Coat Technol. 2024;256:47–51. https://doi.
org/10.1016/j.surfcoat.2014.01.012

120.	Baba K, Hatada R. Ion implantation into the interior surface of a steel tube by plasma source ion implantation. 
Nucl Instrum Methods Phys Res B. 1999;148(1-4):69–73. https://doi.org/10.1016/S0168-583X(98)00744-7

121.	Pillaca EJDM, Ueda M, Mariano SF, Oliveira RM. Study of plasma immersion ion implantation inside a conducting 
tube using an E × B field configuration. Surf Coat Technol. 2014;249:104–8. https://doi.org/10.1016/j.
surfcoat.2014.03.042

122.	Liu AG, Wang XF, Tang BY, Chu PK. Dose and energy uniformity over inner surface in plasma immersion ion 
implantation. J Appl Phys. 1998;84:1859–62. https://doi.org/10.1063/1.368344

123.	Sheridan TE. Analytic theory of sheath expansion into a cylindrical bore. Phys Plasmas. 1996;3:3507–12. https://
doi.org/10.1063/1.871501

124.	Ueda M, Silva AR, Pillaca EJDM, Mariano SFM, Rossi JO, Oliveira RM, Pichon L, Reuther H. New possibilities of 
plasma immersion ion implantation (PIII) and deposition (PIII&D) in industrial components using metal tube 
fixtures. Surf Coat Technol. 2017;312:37–46. https://doi.org/10.1016/j.surfcoat.2016.08.067

125.	Liu B, Zhang G, Cheng D, Liu C, He R, Yang S-Z. Inner surface coating of TiN by the grid-enhanced plasma source 
ion implantation technique. J Vac Sci Technol A. 2001;19:2958–62. https://doi.org/10.1116/1.1415356

126.	Trava-Airoldi VJ, Capote G, Bonetti LF, Fernandes JA, Blando E, Hubler R, Radi PA, Santos LV, Corat EJ. 
Deposition of hard and adherent DLC films inside steel tubes by pulsed-DC discharge. J Nanosci Nanotechnol. 
2007;9(6):3891–7. https://doi.org/10.1166/jnn.2009.NS85

127.	Casserly T, Boinapally K, Oppus M, Upadhyaya D, Boardman B, Tudhope A. Investigation of DLC-Si film deposited 
inside a 304SS pipe using a novel hollow cathode plasma immersion ion processing method. In: 50th Annual 
Technical Conference Proceedings [Internet]. 2007 [accessed on Dec 9 2025]. p. 59–62. Available from: https://
www.svc.org/clientuploads/directory/resource_library/07_064.pdf

128.	Pillaca EJDM, Ramírez MA, Gutierrez Bernal JM, Lugo DC, Trava-Airoldi VJ. DLC deposition inside of a long 
tube by using the pulsed-DC PECVD process. Surf Coat Technol. 2019;359:55–61. https://doi.org/10.1016/j.
surfcoat.2018.12.011

129.	Pillaca EJDM, Trava-Airoldi VJ, Ramírez MA. Axial distribution improvements of DLC film on the inner surface of a 
long stainless steel tube. Surf Coat Technol. 2021;412:126996. https://doi.org/10.1016/j.surfcoat.2021.126996

130.	Wang X, Sui X, Zhang S, Yan M, Yang J, Hao J, Liu W. Effect of deposition pressures on uniformity, mechanical 
and tribological properties of thick DLC coatings inside of a long pipe prepared by PECVD method. Surf Coat 
Technol. 2019;375:150–7. https://doi.org/10.1016/j.surfcoat.2019.07.030

131.	Iwamoto Y, Takenami K, Takamura R, Inoue M, Hira Y, Akasaka H, Ohtake N. Preparation of DLC films on 
inner surfaces of metal tubes by nanopulse plasma CVD. Surf Coat Technol. 2019;380:125062. https://doi.
org/10.1016/j.surfcoat.2019.125062

 

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.surfcoat.2004.07.077
https://doi.org/10.1016/j.surfcoat.2014.01.012
https://doi.org/10.1016/j.surfcoat.2014.01.012
https://doi.org/10.1016/S0168-583X(98)00744-7
https://doi.org/10.1016/j.surfcoat.2014.03.042
https://doi.org/10.1016/j.surfcoat.2014.03.042
https://doi.org/10.1063/1.368344
https://doi.org/10.1063/1.871501
https://doi.org/10.1063/1.871501
https://doi.org/10.1016/j.surfcoat.2016.08.067
https://doi.org/10.1116/1.1415356
https://doi.org/10.1166/jnn.2009.NS85
https://www.svc.org/clientuploads/directory/resource_library/07_064.pdf
https://www.svc.org/clientuploads/directory/resource_library/07_064.pdf
https://doi.org/10.1016/j.surfcoat.2018.12.011
https://doi.org/10.1016/j.surfcoat.2018.12.011
https://doi.org/10.1016/j.surfcoat.2021.126996
https://doi.org/10.1016/j.surfcoat.2019.07.030
https://doi.org/10.1016/j.surfcoat.2019.125062
https://doi.org/10.1016/j.surfcoat.2019.125062

