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The present work shows the influence of deposition temperatures on the
mechanical properties of silver (Ag)-doped diamond-like carbon (DLC) coating
synthesized by the thermal chemical vapor deposition (CVD) technique. The
deposited film showed excellent mechanical and tribological behavior with
respect to the lower deposition temperatures. From the EDS analysis, it was
confirmed that the percentage of Ag decreased from 9.8% to 8.4% as the
deposition temperature increased. The nanoindentation tests at different loads
were extensively carried out to observe the mechanical properties of the coating
with respect to various deposition temperatures. The coating hardness (H) and
Young’s modulus (E) decreased with the rise in furnace temperature, and the
Hmax. and Emax. were observed as 29.71 and 251.19 GPa, respectively, for the Ag-
DLC coating grown at 800°C at a load of 20 mN. In comparison to other Ag-DLC
thin films made using different deposition techniques, the residual stress (σ) was
significantly reduced, reaching 0.45 GPa, which is extremely low.
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1 Introduction

DLC films possess both sp3-and sp2-bonded carbon and exhibit excellent mechanical,
electrical, and optical properties. The applications of DLC coatings are widely spread in the
biomedical sector due to their various biomedical properties, such as their hydrophobic,
biocompatible, and functional surfaces and field emission properties. (Ţalu et al., 2019;
Yang et al., 2020; Meng et al., 2023). However, it has been observed that this coating
possesses poor thermal stability above 400°C, along with the presence of residual stress,
which leads to poor adhesion to metal substrates and thus restricts its exposure to various
domains. Earlier studies revealed that the presence of residual stress in DLC coatings can be
reduced by doping various metals/non-metals or semiconductors without affecting the
mechanical and tribological properties (Love et al., 2013). Over the past few years, Ag-doped
DLC thin film coating has found major applications in many domains that are related to
corrosion protection, wear, medicine, and optics (Jing et al., 2023). Wang et al. grew Ag-
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DLC coating over glass and 316L stainless steel substrates using the
PVD (magnetron sputtering) technique and reported the crucial role
of Ag segregation in the microstructure and chemical, mechanical,
and biomedical properties of Ag-DLC films (Wang et al., 2018).
Alloying of DLC thin film with metals such as Ag leads to
improvement in coating toughness and improved adhesion due
to the growth of soft crystals with enhanced ductility (Ţălu et al.,
2020). Moreover, DLC thin film with Ag doping can reduce internal
stresses and enhanced coating adhesion. (Jing et al., 2020). Wu et al.
reported excellent tribological properties with higher hardness and
lower residual stress of Ag-DLC thin film coating when doped with
0.35 atomic % in the DLC network (Wu et al., 2013). Manninen et al.
found the deployment of Ag in DLC network leads to the reduction
of surface free energy and internal stress, lower friction coefficient
(µ), and enhanced wear resistance (WR) (Manninen et al., 2013).

Other than good tribological and mechanical properties, Ag-
DLC coating has excellent biocompatibility. Pisarick et al. reported
dual-pulsed laser-deposited Ag-DLC coating to be very suitable for
biomaterials due to its excellent biomedical and mechanical
properties (Písařík et al., 2017). Patnaik et al. discussed the
comparison of cathodic arc-deposited AlCrN (ternary coating)
and Ag-alloyed a-C (amorphous carbon base coating) over
316 LVM stainless steel. It was observed that a-C:Ag/CrN
exhibited better tribological properties compared to AlCrN/CrN
because of its good surface quality (Patnaik et al., 2021). Mazare et al.
investigated the structural, biomedical, and corrosion resistance of
Ag-DCL coatings deposited on titanium (Ti) substrates by using the
thermionic vacuum arc technique and observed an improved
corrosion resistance as compared to uncoated Ti substrate.
Through this experiment, the authors reported higher
antibacterial activity of Ag-DLC coating against Staphylococcus
aureus (model Gram-positive bacteria) (Mazare et al., 2018). Zia
et al. observed an increase in the hardness of DLC coating by 18%
with the consecutive reduction of wear volume with a small amount
of carbon particles embedded in the film. However, the increase in
carbon content resulted in an enhanced friction coefficient by 20%
with a consecutive decrease in hardness (Zia et al., 2017). Duta et al.,
2018 investigated the biomedical properties of silver (Ag)- and
silicon (Si)-incorporated DLC coating synthesized through the
matrix-assisted pulsed laser evaporation technique. A bio-test
revealed the non-cytotoxic nature of the coating for MG63 cells
with poor antimicrobial activity when doped with Ag up to 1.85 at%.
Other authors also observed improvement in antimicrobial activity
when doped with 3.6 at% of Ag by keeping the adherence
characteristics and cytotoxic action at acceptable levels. Past
research work also reported an enhancement of Osseo
integration properties of DLC coating when doped with 5.5 at%
of Ag (Endrino et al., 2008). Talu et al. studied the surface
microstructure of Ag-DLC grown through radio frequency
plasma-enhanced CVD and reported a consecutive decrease in
fractal dimension with an increase in deposition time (Ţalu et al.,
2019). Ghadai et al. studied the effect of deposition temperature over
the mechanical properties of thermal CVD-deposited Al-DLC thin
film coating. Their results showed that deposition temperature had a
significant effect on the structural and mechanical properties of the
coatings (Ghadai et al., 2023).

From the aforementioned literature, it is observed that Ag-DLC
thin films have a wide application in different fields. Most

researchers have analyzed Ag-DLC coating either by using
different substrates or by varying different precursor gases or by
using different deposition techniques. Nevertheless, as far as is
known, no research groups are involved in the analysis of
physical and biomedical characteristics of Ag-DLC coating grown
by the thermal chemical vapor deposition process. Moreover,
deposition temperature is an important parameter regarding thin
film growth over the substrate. Investigating the detailed mechanical
properties of Ag-DLC coatings by varying the deposition
temperature is thus crucial. Therefore, the present research article
is focused on the following points:

(a) To analyze the influence of CVD temperature on the
morphological properties of Ag-DLC coating.

(b) To study the compositional analysis of the DLC coating with
respect to deposition temperature.

(c) To analyze the detailed mechanical properties of Ag-
incorporated DLC coating for various indentation loads.

2 Experimental details

2.1 Coating preparation

The Ag-incorporated DLC thin films were grown over silicon (Si)
substrates by using the thermal CVD technique shown in Figure 1.
Prior to deposition, all samples were processed using the Radio
Corporation of America (RCA) cleaning process for the removal
of metallic and non-metallic contaminants. Then, 10 mM of AgNO3

and 5% HF solution were prepared separately. After the preparation
of the individual solutions, both were mixed at a ratio of 1:1, and the
cleaned Si substrates were dipped in the solution for 10 s. The dipped
Si substrates were placed inside the CVD reactor tube for the synthesis
of the DLC coating. To synthesize the Ag-DLC coating, the flow rates
of N2 and C2H2 were kept constant at 20 sccm and 5 sccm,
respectively, by varying the deposition temperature from 800°C to
950°C. The heating and cooling rate were kept 5°C minute and 3°C
minute, respectively, and the deposition time was constant at 2 h.

2.2 Coating characterization

The morphological study of Ag-incorporated DLC coatings
was characterized through SEM, with the instrument having the
model no. JEOL JSM 7610F FEG-SEM. The elemental
compositions of the coatings were carried out using Oxford
EDS (X-act). The film thickness was observed through Dektak V
300 profilometer equipped with a 2.5 μm radius diamond stylus.
For the thickness measurement, the diamond stylus was made to
move from one end to other with a uniform rate at five different
points, and the mean height was taken into account when
assessing the total thickness. Innova SPM atomic force
microscope (AFM) was used for evaluating the surface
roughness of the Ag-DLC coatings. The nanoindentation test
was conducted by using a CSM instrument, model no. NHTX
55–0019, fitted with a Berkovich diamond indenter tip (B-I 93;
20 μm curvature radius) at different loads ranging from
20 to 50 mN.
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3 Result and discussion

3.1 Compositional analysis using
EDS technique

Using the EDS technique, the elemental composition of the Ag-
doped DLC coatings prepared at various process temperatures was
analyzed. Table 1 shows the Ag-DLC coating composition grown
under different temperatures obtained from the EDS results. It has
been noted that the DLC films deposited at 800°C and 950°C exhibited
the maximum and minimum atomic % (at%) of Ag. The % of Ag
decreased with respect to the temperature due to the thermal
evaporation of Ag from the surface at higher temperature. The
findings showed that as process temperature increased, the
coating’s carbon content increased. Meanwhile, in estimating the
composition of various elements in the coatings, very small traces
of magnesium (Mg) and nitrogen (N) were also found. However, the
presence of higher C and Ag contents predominated the presence of
Mg and N, and therefore, they were excluded from the EDS results.

3.2 Atomic force microscopy

Figure 2A shows the 2-D images of the Ag-DLC coating
prepared at different temperatures ranging from 800°C to 950°C.
The coating thickness was measured as 3.24 ± 0.24 µm,
3.19 ± 0.18 µm, 3.21 ± 0.35 µm, and 3.18 ± 0.26 µm for the DLC
film deposited at 800°C, 850°C, 900°C and 950°C respectively.

From the figure, it is observed that carbon nanoparticles were
formed over the surface, and as the deposition temperature rose,
the size of the nanoparticles increased. The increase of particle size
with the increase in process temperature at a constant precursor gas
flow rate could be due to the higher randomness of gaseous particles
at the atomic level. Figure 2B shows the 3-D images of the Ag-DLC
coating synthesized at temperatures ranging from 800°C to 950°C.
The surface roughness (Ra) of the film was evaluated from the 3-D
images. It was noted that with the rise in temperature, the average
Ra of the film increased. The Ag-DLC film with a deposition
temperature of 800°C and 950°C had a minimum and maximum
Ra of 4.8 nm and 71.2 nm, respectively. The 3D AFM images also
showed particle size enhancement with the increasing process
temperature. The minimum and maximum particle size of Ag-
DLC was observed at 29.3 nm and 71.2 nm for the coatings
synthesized at 800°C and 950°C respectively. The coatings
prepared at 800°C and 850°C were found to have a wavy pattern,
which could be due to the irregular orientation of the C and Ag
particles throughout the surface. The 3D AFM images also revealed
pyramid-shaped grains for the Ag-DLC coatings synthesized at
900°C and 950°C and the particle distribution density was found
to increase with increasing temperature.

3.3 Nanoindentation

Nanoindentation was carried out on the Ag-DLC coatings at
different loads to evaluate theH, E, and the plasticity index parameters

FIGURE 1
Schematic diagram of CVD process for the deposition of Ag-DLC thin film.

TABLE 1 Composition of Ag-DLC thin films at different temperature from SEM-EDX.

Sl. No Deposition temperature (oC) At. % Of carbon At. % Of silver At. % Of oxygen

1 800 84.6 9.8 5.6

2 850 84.3 9.2 6.5

3 900 84.4 8.7 6.9

4 950 83.9 8.4 7.7
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at various deposition temperatures. The load displacement curve of
the Ag-DLC thin films at different loads between 20 and 50 mN is
shown in Figure 3. The loading–unloading curve’s hysteresis can
provide fundamental details regarding the anticipated plastic

deformation of the Ag-DLC coatings. Furthermore, as the Ag-DLC
thin film deposition temperature rose, the hysteresis under the
loading-unloading curve increased for a given load. It is known
that H (Hardness) α 1/hmax (maximum indentation): the higher

FIGURE 2
(A) 2-D AFM images of the Ag-DLC thin films deposited at different temperatures from 800 to 950°C. (B) 3-D AFM images of the Ag-DLC thin films
deposited at different temperatures from 800 to 950°C.
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the Hardness of the coating, the smaller the hmax. According to the
figure, the film deposited at a lower temperature had the lowest hmax
for a given load, while the film deposited at a higher temperature had
the highest hmax. Therefore, the film deposited at 800 ℃ had the
highest H, and the film deposited at 950℃ had the least H; this result
is confirmed in Figure 5.

Applying Oliver and Pharr’s method (Oliver and Pharr, 1992)
for finding out the mechanical properties of the coatings, the E and
H were measured by examining the unloading section of the
load–displacement curve. The H was evaluated using Eq. 1.

H � Fmax

A
(1)

Where Fmax is the maximum load over the sample, and A is the
contact area of the indenter tip pointed over the substrate.

From Eq. 2 presented below, the stiffness (S) was calculated.

S � dp

dh
� 2β

��
A

π

√
Er (2)

From Eq. 3, the calculation of elastic modulus (Ew) was
carried out.

1
Er

� 1 − v2i
Ei

+ 1 − v2c
Ec

(3)

Regarding “S,” Oliver (Oliver and Pharr, 1992) developed the
geometry independent Eq. 3, which is derived from the upper
portion of the loading–unloading curve and represents the
stiffness denoted by S. The Berkovich indenter’s constant β value
is 1.034, and the reduced elastic modulus is represented by Er. The
indenter and workpiece are indicated by the subscripts I and C,
respectively.

Figure 4 represents the H and E of the Ag-DLC coating with
different temperatures at different loads ranging from 20 mN to
50 mN. The amount of penetration by the indenter plays a crucial
role for finding the type of coating. If the indenter penetrates one-
10th of the thickness of the film, then the mechanical properties of
the film can be influenced by the substrate. The H of the film may
vary with respect to the penetration depth, and this result will give
information about the types of film, such as hard film on soft
substrate or soft film on hard substrate. It is known that if a soft film
is deposited over a hard substrate, then the H of the film will increase
with respect to the penetration depth. However, if a hard coating is
coated over a soft substrate, then the H of the film will decrease with
respect to the indentation depth. In the present work, the H of the
film decreased with respect to the indentation depth, which means
there was a hard coating over the soft substrate. From Figure 4, it is
noticed that the H and E of the Ag-DLC coating decreased with
increasing the temperature for a fixed load. The maximum H and E

FIGURE 3
Load displacement curve of the Ag-DLC thin films deposited at different temperature at different loads from 20 mN to 50 mN.
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were 29.712 and 251.19 GPa for the Ag-DLC coating synthesized at
800°C at a constant load of 20 mN. From the EDS analysis, it was
confirmed that the percentage of Ag decreased with the increase of
the deposition temperature. Choi et al. analyzed the effect of Ag
percentage over the H and E of the coating and observed that the
hardness of the coating decreases with the increase of the Ag
concentration (Jing et al., 2020). However, in the present work,
the hardness of the film decreased with the decrease in the Ag
concentration. This may be due to the effect of the higher deposition
temperature. At a higher deposition temperature, the C-C bond is
weaker, and this reduces the total sp3 fraction (Ghadai et al., 2023).

Incorporation of other elements such as Ag, Si, Mo, and Cu, etc.,
into the DLC coating gives an effective way to enhance the σ of the
coating. Figure 5 shows the variation of the residual stress (σ) of the
Ag-DLC films deposited at different deposition temperatures from
800 to 950°C. The σ of the coating was computed by the help of the
Stoney equation, and it is presented in Eq. 4.

σ � ES

6 1 − ʋs( ) ×
t2s
tf

1
R1

− 1
R2

( ) (4)

Where the thickness of the film and substrate is denoted as tf and
ts, respectively. R1 and R2 are the film curvature and curvature of the
substrate before the coatings, respectively. The ʋs and Es are the

FIGURE 4
H and E of the Ag-DLC thin films deposited at different temperatures at different loads from 20 mN to 50 mN.

FIGURE 5
Residual stress variation of the Ag-DLC thin films deposited at
different temperatures.
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Poisson ratio and Young’s modulus of the substrate, and the values
for the Silicon substrate are 0.27 and 127 GPa, respectively (Janssen
et al., 2009; Ardigo et al., 2014). In the present case, the minimum σ
of 0.45 GPa was achieved, which is the lowest compared to the other
Ag-DLC films synthesized by PVD or PECVD techniques (Janssen
et al., 2009;Wu et al., 2013; Ardigo et al., 2014). The σ is compressive
in nature, and the decrease in the magnitude of σ was mainly due to
the development of metallic silver amorphous phases, which act as
an efficient buffer site to grasp the stress within the DLC films
(Ghadai et al., 2023).

4 Conclusion

The Ag-DLC coating was successfully deposited by thermal
CVD with the variation of deposition temperatures. From AFM
and SEM, it was observed that the average Ra of the film increased
with the increase in temperature. The minimum and maximum Ra

were 4.8 and 71.2 nm for the Ag-DLC film at deposition
temperatures of 800 and 950°C, respectively. The EDX results
confirm that Ag decreases with the increase of deposition
temperatures. Moreover, the H and E of the Ag-DLC coating
decreased with the increase of temperature for a fixed load, and
the maximumH and E were 29.712 and 251.19 GPa, respectively, for
the Ag-DLC coating deposited at 800℃ at a constant load of 20 mN.
In the present case, a minimum σ of 0.45 GPa was achieved, which is
the lowest compared to the other Ag-DLC films synthesized by PVD
or PECVD techniques. The current results of the developed coatings
show its wide industrial application, particularly in the automotive
industries.
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