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ABSTRACT

Titanium nitride (TiN) coatings were grown on silicon substrates by 

cathodic cage plasma deposition (CCPD). TiN coatings present 

interesting properties, such as high hardness, chemical and 

thermal stabilities, good thermal and electrical conductivities, 

and corrosion resistance, making them suitable for several 

technologically important applications. The influence of 

parameters such as plasma nitriding atmosphere, temperature, 

and time on the chemical and morphological characteristics 

of the deposited coatings was investigated by means of 

Raman spectroscopy, scanning electron microscopy, energy 

dispersive spectroscopy, and X-ray photoelectron spectroscopy. 

The results obtained by these characterization techniques 

revealed that the TiN coatings produced by CCPD presented high 

quality.

Keywords: Titanium nitride, Cathodic cage plasma deposition, 

Coatings.

RESUMO

Os recobrimentos de nitreto de titânio (TiN) foram crescidos 

sobre substratos de silício pela deposição por plasma em 

gaiola catódica (CCPD). Os recobrimentos de TiN apresentam 

propriedades interessantes, tais como alta dureza, estabilidades 

químicas e térmicas, boas condutividades térmicas e elétricas, e 

resistência à corrosão, fazendo com que eles sejam apropriados 

para várias aplicações tecnologicamente importantes. A influência 

de parâmetros como a atmosfera da nitretação por plasma, 

a temperatura e o tempo sobre as características químicas e 

morfológicas dos recobrimentos depositados foi investigada 

por meio de espectroscopia Raman, microscopia eletrônica de 

varredura, espectroscopia de energia dispersiva e espectroscopia 

de fotoelétrons excitados por raios X. Os resultados obtidos por 

essas técnicas de caracterização revelaram que os recobrimentos 

de TiN produzidos por CCPD apresentaram alta qualidade.

Palavras-chave: Nitreto de titânio, Deposição por plasma em 

gaiola catódica, Recobrimentos.
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INTRODUCTION
The cathodic cage plasma deposition (CCPD) was developed 

by Alves et al.1 and has been employed for depositing a variety 
of coatings on different substrates1-9. In the CCPD process, 
the samples are inserted on an alumina insulator disk that is 
located inside a cage with uniformly distributed round holes of 
fixed diameter, so that the plasma acts on the cage and not on 
the sample surface, avoiding possible defects that are commonly 
formed during conventional plasma deposition1-9. The CCPD 
technique has been used for treating not only metallic materials 
but also electrical insulator materials1-4, and it produces coatings 
that have high uniformity. This technique allows for good control 
of roughness and crystallinity, and possesses versatility, simplicity, 
and low cost8. Sousa et al.8,9 have recently shown that this low-cost 
CCPD method can be effectively used for producing high quality 
TiN and TiO2 thin films.

The two stoichiometric phases found in the Ti-N phase 
diagram are δ-TiN (face centered cubic structure) and ε-Ti2N 
(tetragonal structure) phases10,11. Several researchers have 
concentrated in understanding the relationships between the 
deposition methods and the TiN phases produced, searching for 
the highest quality coatings. The desirable phase is δ-TiN, since it 
has excellent properties such as high hardness12-14, chemical and 
thermal stabilities15, good thermal and electrical conductivities16, 
and corrosion resistance17, thus TiN coating can be employed for 
improving the lifetime of tools and components due to its ability 
of enhancing the surface hardness and decreasing the friction 
coefficient of the coated materials8,18. TiN coating is also used 
in integrated circuits, solar cells, transparent films, and photo-
thermal conversion19.

Various deposition methods have been employed to deposit TiN 
coatings, such as dip-coating, sol-gel, thermal oxidation, e-beam, 

sputtering, chemical vapor deposition (CVD), plasma-enhanced 
CVD, metalorganic CVD, and molecular beam epitaxy14, 20-30. 
Raman spectroscopy has been used to identify δ-TiN phase in the 
deposited coatings since the acoustic and optical modes refer to Ti 
and N vibrations14,31-33. In this work, not only Raman spectroscopy 
but also scanning electron microscopy (SEM), energy dispersive 
spectroscopy (EDS), and X-ray photoelectron spectroscopy 
(XPS) are used to investigate the influence of the plasma nitriding 
conditions (atmosphere, temperature, and time) on the chemical 
and morphological characteristics of the TiN coatings deposited 
on silicon by CCPD.

EXPERIMENT
The depositions were performed using a conventional plasma 

reactor that had two concentric, cylindrical cathodic cages8. 
A DC electrical source was used with a maximum voltage of 
1500 V and a maximum current of 2 A. The cylindrical reactor 
was made of austenitic stainless steel, and had a diameter of 
30 cm and a height of 40 cm. Inside this reactor two concentric 
cathodic cages, made of grade 2 titanium perforated sheet 
2.0 mm thick, were inserted. The external cage had a diameter 
of 77 mm and a height of 55 mm, while the inner one had 
a diameter of 60 mm and a height of 50 mm. Round holes 8 mm in 
diameter were uniformly punched on both cages with 9.2 mm 
of distance between the centers of adjacent holes. The samples 
were positioned equidistantly from the inner cage walls, onto 
an alumina disk having a diameter of 45 mm and a thickness of 
3 mm, for electrical insulation. The Si substrates had dimensions 
of 10 mm × 8 mm × 1 mm and were ultrasonically cleaned with 
acetone before plasma treatment. Figure 1 displays a schematic 
model of the reactor.

Figure 1: Schematic model of the double cathodic cage plasma reactor.
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Before plasma treatment, the cages were ground, polished, and 
ultrasonically etched in a solution of 50 ml of HNO3, 25 ml of HF, 
and 425 ml of H2O for 10 min, and then were rinsed with acetone 
and dried; and the reactor was cleaned with argon purging for 
30 min, followed by a pre-sputtering for also 30 min. The plasma 
was applied on the cathodic cage, which played the role of the 
cathode, and the chamber wall was the anode, while the substrates 
were kept in a floating potential. Schematic models of the reactor 
are shown in Souza et al.8,9

Two gas mixtures were used as nitriding atmospheres: (a) 
6 sccm N2 and 18 sccm H2 (25% N2 – 75% H2) and (b) 18 sccm N2 
and 6 sccm H2 (75% N2 – 25% H2); two temperatures were applied 
to the substrates: 300 and 350 °C; three treatment times were used 
for each temperature: 1, 2, and 4 h; and the pressure was 150 Pa. 
Table 1 summarizes the plasma nitriding conditions used for 
producing the 12 samples; A refers to the 25% N2 – 75% H2 plasma 
atmosphere, and B to the 75% N2 – 25% H2 plasma atmosphere.

Table 1: Summary of the plasma nitriding conditions used for 
producing the 12 samples.

Atmosphere
Temperature 

(°C)
Time 
(h)

Sample

25% N2 – 75% H2

300

1 A1

2 A2

4 A3

350

1 A4

2 A5

4 A6

75% N2 – 25% H2

300

1 B1

2 B2

4 B3

350

1 B4

2 B5

4 B6

Raman spectroscopy was performed using a monograting 
Bruker Senterra spectrometer equipped with a charge-coupled 
device (CCD) detection system and a 785  nm Perkin-Elmer 
solid state laser that yielded a power of 10  mW on the surface 
and a resolution of 3 cm1. An Olympus microscope lens with a 
magnification of 20 × was used for focusing. The recording time 
was 10  s with 6  accumulations. The baseline subtraction was 
performed in each spectrum to compare the intensity ratios. SEM 
analyses were carried out using a Quanta 250 FEI microscope 
equipped with a field emission gun (FEG) in the following image 
modes: secondary electrons (SE) and backscattered electrons 
(BE). This microscope was coupled with an EDS spectrometer 
that operated at 20 kV, take-off angle of 55°, and working distance 
of approximately 17 mm. SEM was employed to obtain the mean 
thicknesses of the deposited coatings by means of cross-section 
micrographs; six cross-section micrographs were taken for each 

sample, three using BE mode and other three using SE mode. XPS 
analyses were performed using a V Omicron Nanotechnology 
1712-82-14 spectrometer, and the spectra were fitted using the 
CASA software package.

RESULTS AND DISCUSSION
Figures 2a and 2b display the Raman spectra for the coatings 

deposited on silicon 25% N2 – 75% H2 (A1, A2, A3, A4, A5, and A6 
samples), and Figs. 2c and 2d for the coatings deposited on 75% 
N2 – 25% H2 atmospheres (B1, B2, B3, B4, B5, and B6 samples); 
Figs. 2a and 2c at 300 °C, and Figs. 2b and 2d at 350 °C for 1, 2, 
and 4 h. The Raman bands observed for all samples correspond 
to the transverse acoustic (TA), longitudinal acoustic (LA), and a 
combination of transverse optical (TO) and longitudinal optical 
(LO) TiN modes34,35. Cheng et al.35 have reported that scattering 
in the acoustic range (TA and LA modes) is associated to 
vibrations of the heavier Ti ions, while the scattering in the optical 
range (TO and LA) refers to vibrations of the lighter N ions. 
The stoichiometry of the TixN compound is directly related to the 
positions and relative intensities of the acoustic and optical bands, 
and it is possible to extract the N/(N + Ti) ratios by using a fitting 
software33,35. The results for the coatings deposited on silicon at 
25% N2 – 75% H2 are presented in Table 2. For comparison, the 
N/(N + Ti) ratios obtained by both XPS and EDS are also shown.

The N/(N + Ti) ratio obtained by Raman spectroscopy is close 
to stoichiometric δ-TiN for the A1 sample, however, it was not 
possible to obtain an average EDS value. Figure 3 displays SEM 
micrographs obtained by 3a SE and 3b cross-section BE modes 
for the A1 sample, revealing that this coating is not evenly formed.

The N/(N + Ti) ratios obtained by both Raman spectroscopy 
and EDS are close to each other for the coating deposited at 
25% N2 – 75% H2 atmosphere at 300  °C for 2  h (A2 sample). 
Figure 4 displays cross-section SEM micrograph obtained 
using BE mode for the A2 sample, indicating the formation of 
a continuous bilayered coating with a diffusion layer, which has a 
thickness of approximately 2 μm and is in contact with the Si 
substrate, followed by a 0.27 – 0.39 μm thick outer layer. The mean 
thicknesses of the A1, A2, and A3 coatings are 0.129, 0.361, and 
3.131 μm, respectively. It is observed that a longer treatment time 
yields the formation of a thicker coating. A similar behavior was 
reported by Nishimoto et al.36 for TiN layer deposited on steel by 
active screen plasma nitriding.

The A6 sample is the coating with more consistent N/(N + Ti) 
ratio values, obtained by Raman spectroscopy, XPS, and EDS, 
being close to stoichiometric δ-TiN. Figure 5 displays SEM 
micrographs obtained by 5a SE and 5b cross-section BE modes 
for the A6 sample, revealing the formation of an even coating 
with a thickness of approximately 3  μm. This coating was 
formed in conditions not found in the literature, a gas mixture of 
25% N2 – 75% H2 and a temperature (350 °C), considered low for 
coatings deposited by PVD.
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The coating deposited at 75% N2 – 25% H2 atmosphere at 300 °C 
for 1 h (B1 sample) has N/(N + Ti) ratios which are close to each 
other, and could correspond to the ε-Ti2N phase. Figure 6 displays 
SEM micrographs obtained by 6a SE and 6b cross-section BE 
modes for the B1 sample, showing that the coating was unevenly 
formed.

Figure 2: Raman spectra for the coatings deposited for 1, 2, and 4 h for: (A) 25% N2 – 75% H2 atmosphere at 300 °C; (B) 25% N2 – 75% H2 
atmosphere at 350 °C; (C) 75% N2 – 25% H2 atmosphere at 300 °C; and (D) 75% N2 – 25% H2 atmosphere at 350 °C.
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Table 2: N/(N + Ti) ratios obtained by Raman spectroscopy, XPS 
and EDS.

Sample

N/(N + Ti) ratio

Raman 
spectroscopy

XPS EDS

A1 52 59 –

A2 40 48 41

A3 32 53 21

A4 26 55 32

A5 17 – 22

A6 48 47 45

B1 32 55 34

B2 64 58 44

B3 29 48 –

B4 35 52 50

B5 42 54 37

B6 75 67 54

Figure 3: SEM micrographs obtained by (A) SE and (B) cross-sec-
tion BE modes for the coating deposited under 25% N2 – 75% H2 
atmosphere at 300 °C for 1 h (A1 sample).

The N/(N + Ti) ratios for the coating deposited at 75% N2 – 25% 
H2 atmosphere at 300 °C for 2 h (B2 sample) are discrepant, but 
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their average ratio (0.54) would associate this coating to the δ-TiN 
phase. Figure 7 displays SEM micrographs obtained by 7a SE 
and 7b cross-section BE modes for the B2 sample, showing the 
formation of an even coating.

The coating deposited at 75% N2 – 25% H2 atmosphere at 300 °C 
for 4 h (B3 sample) has a low N/(N + Ti) ratio obtained by Raman 
spectroscopy, but it was not possible to obtain an average EDS 
value. Figure 8 displays SEM micrographs obtained by 8a SE and 
8b cross-section BE modes for the B3 sample, showing that the 
coating was not properly formed.

Table 2 shows that both XPS and EDS N/(N + Ti) ratios for the 
coating deposited at 75% N2 – 25% H2 atmosphere at 350 °C for 
1 h (B4 sample) correspond to the desirable δ-TiN phase. Figure 9  

Figure 4: Cross-section SEM micrograph obtained by BE mode for 
the coating deposited at 25% N2 – 75% H2 atmosphere at 300 °C 
for 2 h (A2 sample).

Figure 5: SEM micrographs obtained by (A) SE and (B) cross-section BE modes for the coating deposited at 25% N2 – 75% H2 atmosphere 
at 350 °C for 4 h (A6 sample).

Figure 6: SEM micrographs obtained by (A) SE and (B) cross-section BE modes for the coating deposited at 75% N2 – 25% H2 atmosphere 
at 300 °C for 1 h (B1 sample).
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Figure 7: SEM micrographs obtained by (a) SE and (b) cross-section BE modes for the coating deposited at 75% N2 – 25% H2 atmosphere 
at 300 °C for 2 h (B2 sample).
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displays SEM micrographs obtained by 9a SE and 9b cross-
section BE modes for the B4 sample, showing that the coating 
was evenly formed. The EDS quantitative result and SEM 
micrographs indicate that it is possible to deposit a coating 
within one hour of treatment using the CCPD technique, thus 
reducing processing time and cost.

The N/(N + Ti) ratios are relatively close to each other for 
the coating deposited at 75% N2 – 25% H2 atmosphere at 350 °C 
for 2 h (B5 sample), having values between those for the δ and 
ε phases. Figure 10 displays SEM micrographs obtained by 10a 
SE and 10b cross-section BE modes for the B5 sample, showing 
an irregular morphology.

Figure 10: SEM micrographs obtained by (A) SE and (B) cross-section BE modes for the coating deposited at 75% N2 – 25% H2 atmosphere 
at 350 °C for 2 h (B5 sample).

Table 2 shows that the N/(N  +  Ti) ratio obtained by Raman 
spectroscopy for the coating deposited at 75% N2 – 25% H2 
atmosphere at 350  °C for 4  h (B6 sample) is considerably 
high, although the EDS ratio is close to stoichiometric 
δ-TiN and the morphology of the coating is relatively even 
(Fig. 11).

The mean thicknesses of the B1, B2, B4, and B6 coatings are 
0.122, 0.853, 0.622, and 1.229 μm, respectively.

Among the 12 coatings that were produced by CCPD in this 
work, the one deposited at 25% N2 – 75% H2 atmosphere at 350 °C 
for 4 h (A6 sample) presents the best chemical and morphological 
characteristics, having a mean thickness of 3  μm. The coating 

  

A

Figure 9: SEM micrographs obtained by (A) SE and (B) cross-section BE modes for the coating deposited at 75% N2 – 25% H2 atmosphere 
at 350 °C for 1 h (B4 sample).

Figure 8: SEM micrographs obtained by (A) SE and (B) cross-section BE modes for the coating deposited at 75% N2 – 25% H2 atmosphere 
at 300 °C for 4 h (B3 sample).

  

A

A

B

B

B



50 Rev. Bras. Apl. Vac., Campinas, Vol. 37, N°2, pp. 44-53, Maio - Ago., 2018

Influence of the plasma nitriding conditions on the chemical and morphological characteristics of TiN coatings deposited on silicon

deposited at the same temperature and for the same time, but 
at 75% N2 – 25% H2 atmosphere (B6 sample), also presents 
good chemical and morphological characteristics, with a mean 
thickness of 1 μm.

XPS survey and high energy resolution (Ti 2p, N 1s, O 1s, and  
C 1s) scans were acquired for all samples. The results of atomic 
ratios and binding energies are summarized in Tables 2 (alongside 
with the Raman spectroscopy and EDS values) and 3, respectively. 
In Table 3, the values in parentheses represent the relative intensity 
percentages of the peak components.

Figures 12, 13, and 14 display the N 1s, O 1s, and Ti 2p spectra, 
respectively, for the coating deposited at 25% N2 – 75% H2 
atmosphere at 300 °C for 4 h (A6 sample). The N 1s spectra can be 
fitted by four components. The A5 sample does not present either 
N1s nor Ti 2p spectra. The most prominent one for all samples 
(except A4) has a binding energy in the range of 396.4 – 396.9 eV, 
and is associated to TiN37-41. The component at lower binding 
energy (395.5 – 395.9 eV) can be attributed to N-C41; the one at 
398.2 – 398.8 eV, to N-O (in TiOxNy)

40,41; and the one that appears 
at higher binding energy for some samples could also be related to 
N-O bonds in an oxynitride compound41.

The O 1s spectra can be fitted by four components (except for 
A5 sample). The most intense one presents a binding energy in the 
range of 529.5 – 530.0 eV, and is associated to O2– in oxides; the 
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Figure 11: SEM micrographs obtained by (A) SE and (B) cross-section BE modes for the coating deposited at 75% N2 – 25% H2 atmosphere 
at 350 °C for 4 h (B6 sample).

Figure 12: N 1s XPS spectrum for the coating deposited at 25% 
N2 – 75% H2 atmosphere at 300 °C for 4 h (A6 sample).

Table 3: Binding energies (in eV) obtained by XPS. The values 
in parentheses represent the relative intensity percentages of the 
peak components.

Sample Ti 2p3/2 N 1s O 1s

A1
455.4 (20)
456.7 (24)
458.5 (56)

396.8 (64)
398.5 (10)
395.5 (17)
400.2 (9)

529.7 (34)
531.1 (34)
532.5 (25)
534.4 (7)

A2
455.4 (24)
456.7 (22)
458.5 (54)

396.8 (51)
398.2 (16)
395.7 (22)
400.1 (11)

529.7 (35)
531.1 (34)
532.5 (24)
534.4 (7)

A3
455.3 (24)
456.6 (22)
458.5 (54)

396.8 (51)
398.2 (17)
395.6 (22)
400.3 (10)

529.8 (34)
531.6 (28)
532.6 (9)
534.1 (29)

A4
455.3 (14)
456.6 (21)
458.5 (65)

396.6 (32)
398.5 (12)
395.5 (21)
400.5 (35)

529.5 (16)
531.4 (17)
532.7 (49)
534.4 (18)

A5 - -
532.7 (39)
534.1 (61)

A6
455.4 (24)
456.7 (22)
458.5 (54)

396.8 (49)
398.1 (16)
395.7 (29)
400.2 (6)

529.7 (44)
531.2 (32)
532.7 (19)
534.5 (5)

B1
455.5 (25)
456.8 (26)
458.5 (49)

396.8 (49)
398.7 (15)
395.8 (26)
400.5 (10)

530.0 (39)
531.5 (32)
532.7 (21)
534.2 (8)

B2
455.4 (22)
456.7 (24)
458.5 (54)

396.8 (50)
398.3 (16)
395.6 (25)
400.2 (9)

530.0 (36)
531.5 (34)
532.8 (24)
534.3 (6)

B3
455.4 (6)
456.7 (27)
458.5 (67)

396.8 (23)
397.9 (20)
395.9 (42)
400.0 (15)

530.0 (21)
531.5 (34)
532.7 (43)
534.2 (2)

B4
455.4 (20)
456.8 (27)
458.5 (53)

396.8 (44)
398.1 (21)
395.8 (27)
400.5 (8)

529.9 (32)
531.4 (28)
532.6 (24)
534.1 (16)

B5
455.4 (21)
456.7 (24)
458.5 (55)

396.8 (54)
398.1 (18)
395.6 (22)
400.0 (6)

529.7 (43)
531.2 (34)
532.7 (18)
534.4 (5)

B6
455.4 (23)
456.6 (26)
458.6 (51)

396.8 (48)
398.0 (14)
395.7 (23)
400.0 (15)

530.0 (41)
531.5 (33)
532.7 (22)
534.2 (4)

 

A B
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component at 531.1 – 531.6 eV can be attributed to N-O bonds 
in an oxynitride compound41; the one at 532.5 – 532.7  eV is 
associated to O-C from atmospheric contamination40; and the 
one at 534.1 – 534-5 eV can be related to adsorbed water and/or 
alcohols40.

The Ti 2p3/2 peaks can be fitted three components (Fig. 14). 
The component at 455.3 – 455.5 eV is related to TiN37-41; the one 
at 456.6 – 456.8  eV, to TiOxNy; the one at 458.5 – 458.6  eV, to 
TiO2

40,41.

CONCLUSIONS
The CCPD technique was used for depositing TiN coatings 

on silicon substrates at 25% N2 – 75% H2 and 75% N2 – 25% H2 
atmospheres, at 300 and 350  °C, for 1, 2, and 4  h (total of 12 
samples), and their chemical and morphological characteristics 
were analyzed by Raman spectroscopy, EDS, SEM, and XPS. The 
best quality coating was produced at 25% N2 – 75% H2 atmosphere 
at 350 °C for 4 h (A6 sample), and the second best, at the same 
temperature and same treatment time, at 75% N2 – 25% H2 
atmosphere (B6 sample). The CCPD technique has proved to be 

effective in producing high quality coatings at lower temperatures 
and shorter treatment times as compared to other deposition 
techniques.
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