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A B S T R A C T   

The interlayer design is crucial in optimizing the adhesion of TiSiCN thin films on tool steel. Thus, Ti/TiN/TiSiN 
interlayer systems were deposited varying the TiSiN interlayer bias voltages (− 100 V, − 150 V, − 200 V) in a 
magnetron sputtering process to investigate the influence on the mechanical properties and adhesion of the 
TiSiCN top layer with different thicknesses. 

A higher bias voltage densifies the TiSiN interlayer structure, thereby increasing its residual stresses (0.11 GPa 
to 1.46 GPa) and hardness (28.1 GPa to 34.9 GPa). This occurs without affecting the columnar-like micro
structure of the TiSiCN top layer and its hardness (25.9 GPa to 29.1 GPa for t = 1.0 μm, 22.6 GPa to 24.8 GPa for 
t = 2.3 μm). Adhesion classification by Rockwell C indentation of TiSiN declined from HF2 to HF4 due to 
increased residual stresses, impacting TiSiCN top layer adhesion with a similar deterioration. Scratch tests 
revealed reduced critical loads Lc2 and Lc3 for the TiSiN interlayer system and also for TiSiCN top layers. The 
highest critical loads were observed for TiSiCN (1.0 μm) and TiSiCN (2.3 μm) with TiSiN interlayer deposited at a 
bias voltage of − 100 V, measuring (64.4 ± 4.5) N and (73.4 ± 8.3) N for Lc2, and (57.4 ± 5.3) N and (71.6 ±
4.5) N for Lc3, respectively. Increasing bias voltage decreases Lc2 and Lc3 to (23.2 ± 4.5) N and (50.20 ± 2.2) N 
for TiSiCN (1.0 μm), and (21.4 ± 4.5) N and (58.0 ± 3.6) N for TiSiCN (2.3 μm). 

Achieving high adhesion strength of TiSiCN multilayered system requires minimizing the residual stress dif
ferences between the layers. Therefore, when designing a complex multilayer structure for TiSiCN thin films, 
careful consideration of the stress state among the layers is crucial, which is achieved by adjusting the bias 
voltage.   

1. Introduction 

The ternary TiSiN and TiCN thin film systems are a further devel
opment of the binary TiN. TiCN reveals higher hardness and wear 
resistance than TiN [1,2] while exhibiting lower internal stresses and, 
consequently, improved adhesion compared to TiC [3]. TiSiN also pre
sents enhanced hardness [4,5] and abrasion resistance [6] in relation to 
TiN. To further expand and combine the mechanical properties of TiSiN 
and TiCN, the quaternary TiSiCN thin film systems were developed. 
TiSiCN consists of a nanocomposite structure with nanocrystallites of 
TiN and TiC, which are embedded by an amorphous matrix of Si- and C- 
based phases [7–9]. It was demonstrated that TiSiCN thin films have 
improved hardness exceeding 40 GPa and oxidation resistance than 
TiCN and TiSiN [10–12]. Moreover, the presence of self-lubricating 

amorphous Si- and C-based phases contributes to reduced friction and 
wear [7,12,13]. However, hard TiSiCN layers are characterized by high 
compressive residual stresses, which results in poor adhesion on metallic 
substrates [10,14,15]. To maintain the integrity and adhesion of hard 
thin films, it is crucial to reduce substantial disparities in elastic modulus 
and hardness between the thin film and substrate [16]. 

To improve the adhesion strength of TiSiCN, it is common to deposit 
a multilayered thin film structure with a functional TiSiCN top layer. It 
has been demonstrated that chemically graded interlayers contribute to 
improved adhesion strength of the top layer. In this regard, previous 
studies synthesized bi- or multilayer thin films with chemical gradients 
[10,14,15,17]. Chang et al. deposited TiSiCN thin films on WC-Co sub
strate without and with a Ti/TiN/TiSiN interlayer system using a dual 
cathodic arc plasma evaporation system and obtained improved 
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adhesion compared to a TiSiCN thin film without interlayer [15]. 
Abdollah-Zadeh et al. deposited TiSiCN with a graded Ti/TiN/TiCN 
interlayer on plasma nitrided H13 hot-working tool steel by plasma- 
enhanced chemical vapor deposition and noted an improved tough
ness, adhesion, and wear resistance [17]. 

Besides the application of multilayers with chemical gradients, the 
consideration of the stress state within the thin film system is also 
decisive for the adhesion behavior. In a previous study, the authors 
varied the bias voltage for the deposition of a chemically graded TixCy 
interlayer with an amorphous carbon top layer and demonstrated that 
an interlayer with low stresses improved the adhesion of the entire thin 
film structure [18]. Li et al. successfully enhanced the adhesion strength 
of the complete thin film system by employing a stress-graded TiN 
interlayer during the arc ion plating deposition of TiSiCN, although 
specific details regarding the stress adjustment were not provided [19]. 

In addition to the interlayer design, the applied bias voltage is a 
critical deposition parameter, that allows the tailoring of mechanical 
properties of thin films. Higher negative bias voltages induce intensified 
ion bombardment of the deposited layer, causing a denser and more 
compact microstructure with improved hardness, but concurrently 
higher compressive stresses [18,20]. Previous studies already demon
strated that an interlayer design with a chemical gradient, such as Ti/ 
TiN/TiSiN is beneficial to improve the adhesion strength of TiSiCN on 
the substrate [15]. However, the effect of the bias voltage on the 
interlayer properties and their interaction with the mechanical proper
ties and adhesion behavior of the TiSiCN top layer has not been 
addressed so far. Nevertheless, it can be used to control the stress state 
and hardness of the interlayer and consequently improve the adhesion 
behavior. It is expected that adjusting the TiSiN interlayer properties 
will directly influence the adhesion strength of the TiSiCN on the 
substrate. 

Previous studies of TiSiN thin films demonstrated that high bias 
voltages lead to enhanced hardness of up to 46 GPa accompanied by 
increasing residual stresses [21–23]. Additionally, the adhesion 
behavior of TiSiN improved with increasing bias voltage up to − 150 V. A 
further rise of the bias voltage reduced adhesion strength due to high 
level of compressive stresses [23]. Also, enhanced scratch adhesion 
strength of TiSiN was found to correlate with a dense thin film structure 
induced by higher bias voltage and therefore higher hardness and elastic 
modulus values but high residual stress which promote a brittle char
acter [24]. These studies focused on the influence of the bias voltage on 
the properties of TiSiN thin films, but not on TiSiN interlayers and their 
interaction with the TiSiCN top layer. 

Therefore, adjusting the bias voltage during the TiSiN interlayer 
growth is a promising approach to control and adjust the interlayer 
properties and, consequently, enhancing the adhesion strength of the 
TiSiCN top layer. In a magnetron sputtering process, the TiSiCN thin 
films of different thicknesses were deposited with a chemical-graded 
interlayer structure of Ti/TiN/TiSiN. The bias voltage of the TiSiN 
layer was deposited under different bias voltages (BV) of Ub = − 100, 
− 150, and − 200 V. Ti/TiN/TiSiN interlayer structures and Ti/TiN/ 
TiSiN/TiSiCN multilayers were analyzed to evaluate the influence of the 
bias voltage of the TiSiN layer on the mechanical properties and adhe
sion of the TiSiCN top layer. 

2. Experimental details 

2.1. Deposition setup 

The TiSiCN thin films were deposited using an industrial magnetron 
sputtering device CC800/9 Custom (CemeCon AG, Germany) which is 
schematically shown in Fig. 1. One Ti target and three Ti80Si20 targets 
(Plansee Composite Material GmbH, Germany) were mounted on the 
magnetron cathodes. The rectangular-shaped targets had an area of 88 
× 500 mm2. High-speed steel (AISI M2) with a diameter of 30 mm, a 
thickness of 5 mm, and 60 HRC and n-type Si(100) wafers with a 

dimension of 10 × 50 mm2 served as substrate material and were ul
trasonically cleaned in ethanol for 15 min. The deposition chamber was 
evacuated to a base pressure below 5 mPa. The deposition chamber has 
size of 850 × 850 × 1.000 mm3, the deposition room exhibits a diameter 
of 400 mm and a height of 400 mm. The distance between target and 
substrate was approximately 170 mm. Before deposition, the substrates 
were etched by Ar+ ions at a pulsed BV of Ub = − 650 V with a mid- 
frequency of f = 350 kHz for t = 30 min. In the first deposition step, a 
metallic 200 nm Ti layer was sputtered from the Ti target at a cathode 
power of Pc = 4 kW and a direct current bias voltage (dc-BV) of Ub =

− 100 V in an Ar-regulated pressure of p = 350 mPa. The second TiN 
layer with 300 nm thickness was applied by adding an N2 gas flow of qN2 
= 70 sccm in an N2-regulated pressure of p = 350 mPa. The next 500 nm 
TiSiN interlayer was deposited from one of the three Ti80Si20 targets 
with a variation of the dc-BV Ub of − 100 V, − 150 V, and − 200 V at the 
gas flow and pressure mentioned before. Finally, TiSiCN with 1.0 μm or 
2.3 μm thickness was sputtered with the addition of 10 sccm C2H2 at a 
mid-frequency bias voltage (mf-BV) of Ub = − 100 V, a frequency of f =
350 kHz and a pulse duration of t = 500 ns. The cathode power of the 
Ti80Si20 targets was set at Pc = 5 kW each at an Ar-regulated pressure of 
p = 350 mPa. The applied heating power for all deposition steps was 
maintained at Ph = 5 kW, resulting in a heater temperature of approx
imately 610 ◦C. Besides the Ti/TiN/TiSiN/TiSiCN multilayers, Ti/TiN/ 
TiSiN interlayer systems only were deposited to investigate the effect of 
the different BV on the interlayer properties of TiSiN. For simplification, 
the interlayer system Ti/TiN/TiSiN will be labeled as TiSiN, and the 
multilayer system with TiSiCN top layer will be presented as TiSiCN (1.0 
μm) and TiSiCN (2.3 μm) according to their thickness. 

2.2. Characterization of the thin films 

The chemical composition was quantitatively determined using an 
electron probe microanalyzer (EPMA) equipped with four wavelength- 
dispersive x-ray spectroscopy (WDS). The acceleration voltage was set 
to 10 keV at a beam current of 20 nA. The counting times were 10 s for 
the peak and 5 s for the background signal. The beam diameter was 5 
μm. To analyze the crystalline phases of the multilayer systems x-ray 
diffraction (XRD) analysis was performed. Cu-Kα1 radiation with a 
wavelength of λ = 1.5406 Å and a x-ray polycapillary lens of 2 mm 
diameter were used. The locked-couple scan range 2θ was set from 30◦

to 50◦ with a scan step of Δ2θ = 0.034◦ and an exposure time of 1 s. The 
microstructure and surface morphology of the multilayer systems were 
analyzed by secondary electron imaging of scanning electron micro
scopy (SEM). Roughness measurements were performed with confocal 
microscopy TOOLinspect (confovis GmbH, Germany). The residual 
stresses were determined from the substrate curvature using Stoney's 
equation [25]. For this purpose, the curvature radius of the coated Si 
wafers was measured using a contour measurer MarSurf XC 20 (Mahr 
GmbH, Germany) with a feed rate of 0.2 mm/s and a contact force of 
0.01 N to measure the radius of the deposited Si wafer due to the change 

Fig. 1. Magnetron sputtering set up for the desposition of TiSiN and TiSiCN 
mulitlayer systems with TiSiN grown at a bias voltage Ub of − 100, − 150, and −
200 V 
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of its curvature by residual stresses in the thin film systems after depo
sition. The hardness and elastic modulus of the thin films were deter
mined by nanoindentation with a Berkovich diamond tip working in 
continuous stiffness mode, as proposed by Oliver and Pharr [26]. A total 
of 49 indents in an array of 7 × 7 with a distance of 50 μm between each 
measurement were performed on each multilayer system. The hardness 
and elastic modulus were evaluated up to 10 % of the film thickness to 
avoid influences of the substrate. A Poisson's ratio of 0.20 for TiSiN 
[27,28] and 0.25 for TiSiCN [8] was considered for the calculation of the 
elastic modulus. The adhesion behavior of the TiSiN and TiSiCN multi
layer systems on an HSS substrate was evaluated in Rockwell C inden
tation tests at a load of 1471.5 N (150 kgf) according to the German 
standard DIN 4856:2018–02 [29]. The Rockwell C indents were exam
ined by SEM as well as energy dispersive x-ray spectroscopy (EDS) and 
categorized into the adhesion classes from HF1 (excellent adhesion) to 
HF6 (poor adhesion). Additionally, scratch tests were performed using a 
Revetest (CSM Instruments SA, Switzerland) equipped with a Rockwell 
C diamond tip with a radius curvature of 200 μm according to DIN EN 
ISO 20502:2016–11 [30]. The scratches were evaluated in SEM and EDS 
and the critical loads Lc2 and Lc3 were determined. 

3. Results and discussion 

3.1. Chemical composition and structure of the TiSiN and TiSiCN thin 
films 

The TiSiN interlayers show no noticeable changes in the chemical 
composition regarding Ti, Si, and N with an increasing BV (see Table 1). 
In this regard, Ti ranges from 35.81 to 36.71 at.-%, Si from 8.75 to 9.90 
at.-% and N from 49.66 to 50.99 at.-%. It is noted that the amount of Ar 
increases with a higher BV from (0.29 ± 0.01) at.-% (Ub = − 100 V) to 
(0.52 ± 0.03) at.-% (Ub = − 150 V) to (1.45 ± 0.03) at.-% (Ub = − 200 V) 
due to an increased Ar+ ion bombardment of the growing film, which 
also is typically observed for sputtered thin films due to Ar implantation 

[31–33]. 
The TiSiN interlayers as well as both TiSiCN top layers contain 

comparable Ti and Si contents. In this regard, both TiSiCN thin films 
have an amount of Ti around 34.61–36.49 at.-% and an amount of Si 
around 8.00–8.37 at.-%. The addition of C to TiSiN in the top layers 
leads to a decrease in N due to the higher chemical activity of C 
compared to N. As a consequence, C prefers to bond with Ti and Si [19]. 
The C content for TiSiCN (1.0 μm) and TiSiCN (2.3 μm) top layer reaches 
9.93–11.25 at.-%, while the N content is around 42.11–43.27 at.-%. The 
Ar content for TiSiCN (1.0 μm) is around 0.28–0.29 at.-% and for TiSiCN 
(2.3 μm) around 0.23–0.25 at.-%. The Ar incorporation within the 
TiSiCN layers is similar to TiSiN deposited at a BV of Ub = − 100 V. 

Fig. 2 shows XRD patterns of the multilayered TiSiN interlayers as 
well as the TiSiCN top layers of 1.0 μm and 2.3 μm thickness. For all thin 
films, the diffractions show Bragg reflections of the substrate material, 
which are assigned to α-Fe at 44.6◦ and the Me6C carbide at 42.5◦ and 
40.0◦. In addition, all thin film systems contain the cubic β-Ti phase with 
a preferred orientation along the (111) plane, which stems from the Ti 
interlayer. For the TiSiN interlayer grown at a BV of Ub = − 100 V, the 
diffraction pattern presents a broad diffraction angle from 36.0◦ to 37.6◦

with an asymmetrical diffraction angle towards lower angles. The peak 
intensity is around 36.6◦ and can be identified as TiN (111) of the TiN 
interlayer. In TiAlN thin films, a higher BV benefits the incorporation of 
Al into the TiN lattice. This phenomenon is accompanied by a reduction 
in the intensity of the TiN (111) peak, which can be attributed to the 
enhanced ion bombardment [34]. However, Arab Pour Yazdi et al. re
ported this effect solely in TiSiN thin films with a low Si content of up to 
3 at.-% with a crystalline structure [35]. The TiSiN thin films examined 
in this study contain up to 10 at.-% of Si and, as described by Patscheider 
et al., should exhibit TiN crystallites embedded within an amorphous Si- 
based matrix [36]. Consequently, the presence of the right shoulder 
around 37.0◦ indicates the superposition of the enclosed crystalline TiN 
(111) phase of the TiSiN interlayer, characterized by a peak shift to
wards lower diffraction angles attributed to increased residual stresses 
resulting from higher BV. Hence, the Bragg diffraction observed for 
TiSiN deposited at a BV of Ub = − 100 V is a superposition of the TiN 
phase of the TiN interlayer and the TiN phase of the TiSiN interlayer. At 
higher BV values, the peak for the (111) planes of TiSiN shifts towards 
lower angles, whereas the diffraction angle at 42.5◦ shows an increased 
intensity and width. This is attributed to the intensified ion bombard
ment during the film growth, resulting in shifting preferential growth of 
TiN along the energetic favorable (200) orientation [37,38]. 

For the TiSiCN top layers, the diffractograms indicate the presence of 
the TiC phase with Bragg reflections at 35.7◦, which is assigned to TiC 
(111). Furthermore, a shoulder formation of the Bragg angle at 37.0◦ is 
observed for TiSiCN with a TiSiN interlayer deposited at Ub = − 100 V, 
which can be assigned to the TiSiN interlayer as previously noted. 
Moreover, the diffraction angle of TiSiN (200) reveals a higher intensity. 
In this regard, TiSiCN thin films with a thickness of 2.3 μm show a higher 
intensity compared to the thin films with a thickness of 1.0 μm, indi
cating a higher amount of the TiSiN phases and/or a higher crystallinity. 
In previous studies, the crystalline TiC and TiN phases were commonly 
identified for TiSiCN nanocomposites [7,9,19]. There were no signals 
detected related to crystalline Si-base phases, such as SiN or SiC. 

The SEM micrographs of the multilayer structures are shown in 
Fig. 3. The Ti and TiN interlayer show a typical columnar-like structure. 
The TiSiN thin film deposited at a BV of Ub = − 100 V also exhibits a 
columnar growth, which changes progressively to a dense structure with 
increasing BV due to the intensified ion bombardment. It is noted that 
the TiSiN interlayer does not affect the microstructure of the TiSiCN top 
layer. In this regard, the TiSiCN thin films reveal a columnar-like 
structure as well. With higher thickness, the columnar-like structure of 
the TiSiCN top layer coarsens. Similar structure formations for TiSiCN 
with relatively low Si and C contents were also observed in previous 
studies [39,40]. 

Fig. 4 shows the SEM micrographs of the surface morphology of the 

Table 1 
Chemical composition of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm 
or 2.3 μm thickness with TiSiN grown at a bias voltage Ub of − 100, − 150, and −
200 V, obtained by EPMA.  

Multi- 
layer 
system 

Bias voltage 
of TiSiN 
interlayer 
[-V] 

Chemical composition [at.-%] 

Ti Si N Ar O C 

TiSiN  

100 
36.27 
± 0.64 

9.90 
±

0.41 

49.66 
± 0.45 

0.29 
±

0.01 

3.88 
±

0.06 
–  

150 36.71 
± 0.88 

8.75 
±

0.33 

50.82 
± 0.79 

0.52 
±

0.03 

3.19 
±

0.23 
–  

200 
35.81 
± 0.58 

9.46 
±

0.19 

50.99 
± 0.65 

1.45 
±

0.03 

2.56 
±

0.13 
– 

TiSiCN 
(1.0 
μm)  

100 
36.69 
± 0.86 

8.19 
±

0.09 

42.20 
± 0.38 

0.28 
±

0.01 

2.30 
±

0.18 

10.34 
± 0.41  

150 36.26 
± 0.28 

8.21 
±

0.12 

42.58 
± 0.65 

0.29 
±

0.01 

2.35 
±

0.16 

10.30 
± 0.27  

200 
35.82 
± 0.59 

8.00 
±

0.37 

43.23 
± 0.35 

0.29 
±

0,03 

2.35 
±

0.23 

10.47 
± 0.25 

TiSiCN 
(2.3 
μm)  

100 35.73 
± 0.46 

8.37 
±

0.20 

43.25 
± 0.28 

0.23 
±

0.01 

2.56 
±

0.23 

9.93 
± 0.12  

150 
34.61 
± 0.31 

8.37 
±

0.24 

43.27 
± 0.47 

0.24 
±

0.01 

2.61 
±

0.50 

11.25 
± 0.29  

200 
36.49 
± 0.42 

8.29 
±

0.09 

42.11 
± 0.67 

0.25 
±

0.01 

2.30 
±

0.15 

10.55 
± 0.33  
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TiSiN interlayers and the TiSiCN top layers of different thicknesses. The 
surface of the TiSiN interlayer changes from a cauliflower-like structure 
at Ub = − 100 V to a surface with crate-like structures at Ub = − 200 V. 
The measured roughness of the TiSiN surfaces tends to roughen with 
higher BV (see Fig. 5). With increasing BV, the Ra values of the TiSiN 
interlayers rise from (8.9 ± 0.5) nm for Ub = − 100 V to (12.1 ± 0.3) nm 

for Ub = − 200 V. Rz shows a similar trend as Ra and increases from 
(113.9 ± 20.1) nm to (103.8 ± 2.2) nm to (123.0 ± 5.9) nm. In a pre
vious study, Yang et al. noted a decrease in roughness for TiSiN thin 
films with increasing BV up to Ub = − 100 V as a result of densification 
due to the intensified ion bombardment. This is in good agreement with 
the present results. With higher BV up to Ub = − 250 V, roughness in
creases because of the rising mobility of Ti [41]. While the roughness of 
TiAlN increases in the range of 0 V to − 150 V according to more induced 
damages at higher BV values [34]. A similar trend can be observed here. 

The roughness of the top layer of the TiSiCN (1.0 μm) system is not 
affected by the TiSiN interlayer roughness due to higher ion bombard
ment. Rz ranges from 127.6 nm to 132.6 nm and Ra from 12.3 nm to 
13.5 nm. For TiSiCN (2.3 μm) Rz reaches values from 204.1 nm to 230.8 
nm and Ra from 20.4 nm to 24.1 nm. An increasing roughness with a 
larger thickness is typically observed for PVD thin films. With the rise of 
TiSiCN top layer thickness from 1.0 μm to 2.3 μm, the roughness in
creases due to more preferred crystal orientation and shadowing effects 
accompanied by coarsening with increasing film thickness [42]. In 
general, the variation in surface morphology of the TiSiN interlayer due 
to higher bias voltages does not influence the growth and surface 
morphology of the TiSiCN top layers which shows comparable surface 
structures and roughness values. 

3.2. Mechanical properties of the TiSiN and TiSiCN thin films 

The residual stresses of the Ti/TiN/TiSiN and Ti/TiN/TiSiN/TiSiCN 
thin film systems were determined from the Si substrate curvature and 
are presented in Fig. 6. For the Ti/TiN/TiSiN interlayer systems, the 
residual stress increases from (0.11 ± 0.04) GPa at Ub = − 100 V to (1.46 
± 0.12) GPa at Ub = − 200 V (see Fig. 6). An increased ion bombardment 
induces higher compressive residual stress into the TiSiN interlayer due 
to more defect generation [22,24]. Moreover, the rise in Ar implantation 
contributes to additional lattice distortion leading to elevated residual 
stresses [43]. This can be also observed in the shoulder formation of the 
TiN (111) diffraction angle which shifts to lower 2θ as a result of higher 
stress within the TiSiN thin films. The influence of the residual stress of 
the TiSiN interlayer is present for both TiSiCN top layers, which overall 
demonstrate higher residual stress with highly stressed TiSiN in
terlayers. The pronounced increase in residual stress for TiSiCN (1.0 μm) 
with TiSiN deposited at Ub = − 200 V may be attributed to pronounced 
dislocation and lattice mismatches between the TiSiN interlayer and the 
TiSiCN top layer [44]. 

For the TiSiCN (1.0 μm) multilayer system, the residual stresses rise 
from (0.26 ± 0.00) GPa to (0.83 ± 0.19) GPa, and for TiSiCN (2.3 μm) 
from (0.15 ± 0.11) GPa to (0.56 ± 0.10) GPa. It is noted that an increase 
in the thickness of the TiSiCN top layer contributes to a reduction in 
residual stresses. This can be attributed to the coarsening of the thin film 
structure, which is more pronounced in thicker films [45]. For bilayered 
Ti/TiN systems, Huang et al. reported a coarser TiN microstructure 
aligns easier on the Ti interlayer which acts as a growth template, 
resulting in lower residual stresses [46]. Generally, the coarser and 
softer structure of the TiSiCN top layer absorbs the energy of the harder 
TiSiN layer [47]. As a result, the higher thickness of the TiSiCN layer 
leads to a mitigation of residual stresses within the multilayer system. 

The hardness and elastic modulus of the TiSiN and TiSiCN thin film 
systems were determined in nanoindentation tests and are shown in 
Fig. 7. The TiSiN interlayer shows an increase in hardness from (28.1 ±
2.7) GPa to (34.9 ± 4.5) GPa with higher BV due to the densification 
caused by intensified ion bombardment. This is in good agreement with 
the results of previous studies [21,41,48]. Furthermore, the elevated 
residual stresses of TiSiN also contribute to the higher hardness values 
[49]. Consequently, the H/E and H3/E2 ratios also show an increase, 
indicating an extended range of elastic strain to failure and enhanced 
resistance against plastic deformation in the TiSiN thin film [50]. The 
TiSiCN top layer shows similar hardness and elastic modulus values as 
reported in other works [9,51,52]. The hardness for 1.0 μm TiSiCN is 

Fig. 2. XRD patterns of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm 
and 2.3 μm thickness with TiSiN grown at bias voltages Ub of − 100, − 150, and 
− 200 V. 
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(26.6 ± 1.8) GPa (Ub = − 100 V), (25.9 ± 2.0) GPa (Ub = − 150 V), and 
(29.1 ± 1.6) GPa (Ub = − 200 V). Only the hardness of TiSiCN (1.0 μm) 
significantly increases when combined with TiSiN deposited at Ub =

− 200 V due to a more pronounced rise in residual stress within this 
interlayer system. Overall, the hardness of TiSiCN (1.0 μm) top layer 
exhibits a higher hardness compared to TiSiCN (2.3 μm), which exhibits 
values of (23.4 ± 1.8) GPa (Ub = − 100 V), (24.8 ± 1.2) GPa (Ub = − 150 
V), and (22.6 ± 1.6) GPa (Ub = − 200 V). This is attributed to the higher 
film thickness and the coarsening of the columnar-like structure with 
overall lower residual stresses which leads to a decrease in hardness 
[53]. 

3.3. Adhesion behavior of the TiSiN and TiSiCN thin films 

The SEM Micrographs of the Rockwell C indents on the TiSiN in
terlayers and TiSiCN top layers are shown in Fig. 8 with magnifications 
of the failure areas in secondary electron (SE) and backscattered elec
tron (BSE) mode. The TiSiN interlayer grown at BV of Ub = − 100 V 
exhibits fine networks with cracks and some circular spallations around 
the indent, which classifies it as HF2. With rising BV, the number of 
circular cracks and delaminations increases for TiSiN, but the substrate 
remains unexposed and coated, indicating a cohesive failure. Therefore, 
the adhesion is categorized as HF3 for Ub = − 150 V and HF4 for Ub =

− 200 V due to the higher number of circular cracks. This can be 
attributed to the elevated residual stress within the TiSiN interlayer 
[15]. 

It is noted that the adhesion behavior of the TiSiN interlayer signif
icantly impacts the adhesion strength of the entire TiSiCN multilayer 
structure. In this regard, both TiSiCN (1.0 μm) and TiSiCN (2.3 μm) 
exhibit comparable adhesion behavior depending on the utilized BV for 
the TiSiN interlayer by decreasing the adhesion strength with increasing 

BV. For TiSiCN (1.0 μm), an increase in the BV of the TiSiN interlayer 
results in an increased number of circular cracks. The adhesive failure 
propagates throughout the complete multilayer structure, partially 
extending towards the substrate, as represented by the bright areas in 
the BSE micrographs. In comparison to TiSiCN (1.0 μm), TiSiCN (2.3 
μm) shows fewer circular cracks but exhibits enhanced delaminations 
between the TiSiCN top layer and the TiSiN interlayer. At a higher BV of 
Ub = − 200 V for TiSiN, complete delamination of the entire TiSiCN (2.3 
μm) multilayer structure from the substrate occurs. Typically, it has been 
observed that PVD thin films with greater thicknesses are prone to 
encountering significant delaminations [54,55]. The dissimilarity in 
stress distribution and hardness between the TiSiN and TiSiCN layers at 
the interfaces causes a deterioration in the adhesion behavior [56]. 
Simultaneously, the stress and hardness properties are influenced by the 
thickness of the TiSiCN thin film, which further impacts the adhesion 
behavior. The higher the mismatches between the mechanical properties 
of the different layers the more likely the adhesion strength decreases. 

The critical loads Lc2 and Lc3 describe the adhesive failures of the thin 
film systems and are shown in Fig. 10. At Lc2 adhesive failure by chip
ping of the layer at the edge of the scratch track appears. Total failure of 
the thin film by complete exposure of the substrate occurs at Lc3. Fig. 9 
exemplarily shows SEM micrographs of the entire scratch and the ad
hesive failures Lc2 and Lc3 for TiSiCN (2.3 μm) with TiSiN interlayer 
deposited at BV of Ub = − 100 V. For the TiSiN thin films, a higher BV 
reduces Lc2 from (55.7 ± 2.4) N to (29.1 ± 2.9) N. This is attributed to 
the higher compressive residual stresses within TiSiN, which diminish 
the adhesion of the thin film to the substrate [4,24]. In contrast, the 
critical load Lc3 for TiSiN does not exhibit a clear dependence on the BV, 
as the Lc3 values range from (57.4 ± 5.3) N to (60.2 ± 9.3) N without a 
discernible trend. Therefore, the adhesive failure caused by Lc3 is neither 
affected by the stress state nor the hardness of TiSiN. 

Fig. 3. SEM micrographs of the microstructure of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm and 2.3 μm thickness with TiSiN grown at bias voltages Ub 
of − 100, − 150, and − 200 V. 
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Among the TiSiCN systems, the highest critical loads were achieved 
with Lc2 = (64.4 ± 4.5) N and Lc3 = (73.4 ± 8.3) N for TiSiCN (1.0 μm) 
and TiSiCN (2.3 μm) with Lc2 = (57.4 ± 5.3) N and Lc3 = (71.6 ± 4.5) N 
with both having a TiSiN interlayer grown at Ub = − 100 V. The increase 
in the BV of the TiSiN interlayer decreases the adhesion strength of both 
TiSiCN top layers in terms of Lc2 and Lc3. With increasing BV, Lc2 de
creases to (23.2 ± 4.5) N for TiSiCN (1.0 μm) and to (21.4 ± 4.5) N for 
TiSiCN (2.3 μm). Chipping at Lc2 is observed between the TiSiCN top 
layer and the TiSiN interlayer for both thicknesses, as illustrated in 
Fig. 9, without any apparent exposure of the substrate. Likewise, higher 
BV for TiSiN results in a reduction of Lc3 to (50.20 ± 2.2) N for TiSiCN 
(1.0 μm) and to (58.0 ± 3.6) N for TiSiCN (2.3 μm). The high critical 
load Lc3 for the TiSiCN top layers with a TiSiN interlayer deposited at a 
BV of Ub = − 100 V may be attributed to the absorption of the relatively 

softer TiSiCN top layer, which exhibits lower hardness compared to 
TiSiN. An increased thickness of the TiSiN interlayer, accompanied by 
reduced residual stress, contributes to an elevated critical load due to 
diminished stress transfer [57]. This explains the relatively high critical 
loads for TiSiCN (2.3 μm) when combined with TiSiN grown at Ub =

− 150 V, in contrast to TiSiCN (1.0 μm). Furthermore, since the H/E- 
ratios for the TiSiCN systems remain nearly constant with the TiSiN 
interlayers grown at different BV values, the decrease in critical loads Lc2 
and Lc3 is attributed to the residual stress within the TiSiN interlayers 
and the differing stress levels between the TiSiN interlayer and TiSiCN 
top layers. This is particularly evident for Lc2 of the thin film systems 
with TiSiN deposited at Ub = − 200 V, where the difference in hardness 
and stress between the interfaces of TiSiN and TiSiCN is the highest. 

In summary, depositing the TiSiN interlayer at a high BV results in 

Fig. 4. SEM micrographs of the surface morphology of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm and 2.3 μm thickness with TiSiN grown at bias voltages 
Ub of − 100, − 150, and − 200 V. 

Fig. 5. Average mean roughness Ra and mean roughness depth Rz of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm and 2.3 μm thickness with TiSiN grown 
at bias voltages Ub of − 100, − 150, and − 200 V 
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increased residual stresses within TiSiN and leads to a larger stress dif
ference between the TiSiN interlayer and TiSiCN top layers, which 
promotes adhesion failure. Therefore, reducing this stress difference 
between the layers within the multilayer structure is necessary to 
enhance adhesion. 

4. Conclusion 

The BV during the TiSiN synthesis does not only affect the film 
properties of the TiSiN interlayer it also has a direct impact on the 
adhesion behavior of the multilayered TiSiCN system. The microstruc
ture of the TiSiN interlayer changes from columnar-like to a denser 
structure, with the surface morphology transitioning from a cauliflower- 
like to a crate-like structure and increased roughness due to intensified 
ion bombardment at higher BV. Furthermore, a higher BV yields higher 
hardness and compressive stresses within the TiSiN interlayer. The stress 
state within TiSiN directly influences adhesion behavior, as higher 
compressive stresses reduce the adhesion strength of the Ti/TiN/TiSiN 
interlayer system. Higher residual stress within TiSiN deteriorates the 
adhesion behavior in the form of increased circular cracks in Rockwell C 
indentation tests and early chipping failure, as reflected by lower Lc2 
values in scratch tests. However, the microstructure and surface 
morphology of TiSiCN top layers remain unaffected by the changes in 
structure due to higher ion bombardment of the TiSiN interlayer. The 
hardness remains relatively unaffected up to a specific degree of 

structural mismatch between the TiSiN interlayer and the TiSiCN top 
layer, which can be better compensated by the thicker TiSiCN thin film 
through its coarser microstructure and is not affected. Nevertheless, the 
increase in BV of TiSiN interlayer significantly deteriorates the adhesion 
behavior of the entire Ti/TiN/TiSIN/TiSiCN multilayer structure. 
Increased residual stresses within the TiSiN interlayer reduce the 
adhesion strength of the TiSiCN multilayer structure. Furthermore, 
increasing the thickness of the TiSiCN top layer decreases the adhesion 
strength of the entire thin film system. The TiSiN interlayer deposited at 
a BV of Ub = − 100 V, favors a multilayered TiSiCN structure with 
enhanced adhesion strength. Here, the stress and hardness differences 
are minimized, enabling the softer TiSiCN thin film to absorb the stresses 
resulting from substrate/thin film system deformation in the Rockwell C 
test and scratch test. Additionally, the higher thickness of TiSiCN (2.3 
μm), featuring a coarser structure and lower hardness, reduced the re
sidual stress of the entire multilayer system. 

Overall, the Ti/TiN/TiSiN is suitable as an interlayer system, which 
can be adapted by choosing a suitable bias voltage to the mechanical and 
structural properties of the TiSiCN top layer. The results highlight that a 
smaller difference in hardness and residual stress between the TiSiN 
interlayer and TiSiCN top layer is favorable for better adhesion behavior 
of the thin film system. 

Fig. 6. Residual stress of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm and 2.3 μm thickness with TiSiN grown at bias voltages Ub of − 100, − 150, and −
200 V. 

Fig. 7. Hardness, elastic modulus, H/E, and H3/E2 of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm and 2.3 μm thickness with TiSiN grown at bias voltages 
Ub of − 100, − 150, and − 200 V. 
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Fig. 8. SEM micrographs of the Rockwell indents of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm and 2.3 μm thickness with TiSiN grown at bias voltages 
Ub of − 100, − 150, and − 200 V. 

Fig. 9. SEM micrographs of Lc2 and Lc3 on an exemplary scratch of TiSiCN (2.3 μm) with TiSiN interlayer deposited at BV of Ub = − 100 V.  

Fig. 10. Critical loads Lc2 and Lc3 of the TiSiN interlayer and the TiSiCN top layer of 1.0 μm and 2.3 μm thickness with TiSiN grown at bias voltages Ub of − 100, 
− 150, and − 200 V. 
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