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Abstract
TiNx films with different nitrogen contents were fabricated using direct current reactive magnetron sputtering. Influence of  N2 
flow rate on the resistivity and electromagnetic interference (EMI) shielding effectiveness (SE) of  TiNx films was studied. The 
EMI SE of  TiNx films was found to be related with the resistivity. With the rise of  N2 flow rate, the resistivity of  TiNx films 
increased, while the EMI SE decreased. When the  N2 flow rate was 1 sccm, the EMI SE of  TiNx films was over 20 dB with 
the thickness of 1.47 µm, which was much smaller than the thickness of the presently known EMI-shielding materials. The 
results indicated that  TiNx films could be applied as ultrathin thickness, lightweight, and design flexibility shielding materials.

1 Introduction

The rapid development of electronic devices generates 
electromagnetic pollution and electromagnetic interfer-
ence (EMI), which has harmful influence on the equipment 
performance as well as the surrounding environment for 
human health [1–4]. As an effective method, EMI shield-
ing is becoming increasingly important to protect human 
and environment from the negative effects [5–7]. In general, 
there are two main mechanisms for EMI shielding [8]. The 
first mechanism is the reflection caused by an interaction 
between mobile charge carriers with the electromagnetic 
fields, resulting in the requirement of electrical conductiv-
ity of the shielding materials. The second mechanism is 
the absorption of EMI radiation due to the electric and/or 
magnetic dipoles interacting with the electric and magnetic 
vectors of the EM radiation. Both the reflection and absorp-
tion characteristics are related to the electrical conductivity 
of the shielding materials [4]. Consequently, due to a high 
value of electrical conductivity, metals and alloys are widely 
used as EMI shields. However, their shortcomings such as 
heavy weight, susceptibility to corrosion and poor process-
ability restrict their range of application [9–13]. Consider-
able research efforts have been made for the development of 

novel high-performance EMI-shielding materials with light-
weight, low cost, good corrosion resistance, and processabil-
ity to address the adverse effects of EMI during the past two 
decades [14–16]. In recent years, compared with traditional 
metal-shielding materials, electrically conductive polymer 
composites have drawn much attention for combating EMI 
interference due to the advantages of lightness and resist-
ance to corrosion [7, 17–23]. However, if EMI-shielding 
effectiveness of these materials meets the demand for over 
20 dB, the thickness in the order of millimeter is required for 
these materials [1, 9, 20, 24–26]. In practical, EMI-shielding 
applications such as the aerospace, automobiles, and fast-
growing next-generation flexible electronics area, there is 
a greater demand for ultrathin thickness, lightweight, and 
design flexibility besides high EMI-shielding performance. 
As a consequence, it is full of significance to develop various 
ultrathin, lightweight, and flexible EMI-shielding materials.

As a unique transition metal nitride with free-electron-
like behavior, TiN film has been widely used in many indus-
tries because of its excellent properties, including excep-
tional hardness, high thermal stability, and high resistance 
to wear and corrosion [27–29]. Especially, due to its spe-
cial electronic structure, TiN film exhibits good electrical 
conductivity [30]. Furthermore, TiN film can be prepared 
using physical vapor deposition method at room tempera-
ture, which is quite simple and without the geometrical con-
straints of the shape or size of the object. These outstanding 
properties of TiN film such as good electrical conductivity, 
lightweight, low cost, ultrathin thickness, and design flex-
ibility suggest that it may be a good candidate for ultrathin 
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thickness and design flexibility EMI-shielding materials [31, 
32]. However, there are few reports on the potential applica-
tion of TiN film in EMI shielding.

The present study is focused on exploring the electro-
magnetic interference shielding effectiveness of  TiNx films, 
which were deposited on glass substrates using direct cur-
rent reactive magnetron sputtering technology. A series of 
 TiNx films with different nitrogen contents were obtained 
by changing the  N2 flow rate during the deposition, and the 
influence of  N2 flow rate on the resistivity and EMI-shield-
ing effectiveness of  TiNx film was discussed systematically.

2  Experiments

2.1  Deposition of  TiNx films

A JPG-450-sputtering system was used to deposit  TiNx films 
onto glass substrates with a 99.995% pure Ti target at room 
temperature. The vacuum chamber was pumped down to a 
base pressure of 5.0 × 10− 4 Pa. Before the sputtering, the 
glass substrates were ultrasonically cleaned progressively 
in deionized water, acetone and ethanol for 15 min, respec-
tively. After achieving the ultimate vacuum, the target was 
pre-sputtered in Ar gas (99.999% pure) for 15 min to remove 
the surface titanium oxide layer of the target. Before the 
deposition, the mixture of Ar and  N2 gases (99.999% pure) 
was let into the chamber through volume flow meters. The 
Ar gas flow rate was fixed at 80 sccm, while the  N2 flow rate 
was varied from 1, 2, 4 to 8 sccm. The target-to-substrate 
distance was adjusted to 60 mm. The deposition pressure and 
sputtering power were kept at 0.5 Pa and 100 W during the 
film deposition. By changing the  N2 flow rate and sputtering 
time, a series of  TiNx films with different nitrogen contents 
and the same thickness (1.5 ± 0.03 µm) were obtained.

2.2  Characterization techniques

X-ray diffractometry (Philips X’Pert Diffractometer) was 
employed to identify the phase composition and crystallin-
ity. The analysis was carried out using Cu-Kα radiation at 
2θ ranging from 30° to 80°. X-ray photoelectron spectro-
scopic (XPS) measurements were carried out on (ESCALAB 
250Xi) X-ray spectrometry to obtain the chemical composi-
tion of the film and the stoichiometric ratio of N/Ti. Com-
position analysis was performed after the surface of  TiNx 
films was etched with 3 keV  Ar+, until the oxygen 1 s peak 
reached a stable minimum value. The film thickness and sur-
face morphology of the films were characterized by a field-
emission scanning electron microscope (ZEISS SUPRA 55). 
EMI-shielding measurements of  TiNx films were carried out 
in X-band (8–12.4 GHz) by the Agilent vector network ana-
lyzer (E8362B). The measurements were carried out on the 

films deposited on the glass substrate. The EMI-shielding 
measurements were performed on both the bare glass sub-
strate and the substrate coated with  TiNx films. The shielding 
effectiveness for the bare glass was found to be small, even 
though the glass part was subtracted from the total shielding 
effectiveness.

3  Results and discussion

3.1  Phase constituent of the films

Figure 1 shows the XRD patterns of  TiNx films deposited 
at different  N2 flow rates. Single TiN phase with a face-
centered cubic crystal structure is observed according to 
JCPDS No. 87-0628. No peaks of impurities are observed. 
A strong and sharp diffraction corresponding to (111) 
crystal plane of  TiNx films suggests an ordered crystalline 
structure and the preferred growth direction in (111) of 
films. The preferred orientation of  TiNx films lies on the 
minimization of the overall energy which is the sum of 
the surface energy and strain energy. For TiN film, (200) 
crystal plane has the lowest surface energy, while (111) 
crystal plane has the lowest strain energy [33]. Accord-
ing to the previous studies [34, 35], the strain energy of 
TiN film goes up with the thickness of film rising. When 
the thickness of TiN film increases to over 1 µm, the 
strain energy is dominant, and TiN film tends to adopt 
a (111) preferred orientation to reduce strain energy. 
Consequently, prepared films exhibit a (111) preferred 
orientation. As the  N2 flow rate increases, the intensity 
of the (111) peaks goes down and other peaks are almost 
indiscernible, suggesting the drop in the crystallinity of 

Fig. 1  XRD patterns of  TiNx films at various  N2 flow rates
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 TiNx films. The collision between Ti and N atoms will 
become more frequent with the  N2 flow rate rising, lead-
ing to a great drop in the energy of atoms. There will be 
no enough energy for the atoms to fully migrate and rear-
range. Therefore, the crystallinity of the film decreases.

To confirm the stoichiometry of  TiNx films, atomic 
percentage is calculated from the XPS measurements 
using the appropriate sensitivity factors. As shown in 
Fig. 2, it reveals an increasing nitrogen content within the 
films with the  N2 flow rate rising. The N/Ti ratios of  TiNx 
films increase from 0.74 to 0.85 with the  N2 flow rate 
rising from 1 to 8 sccm. Based on the Ti–N binary phase 
diagram, the N/Ti composition range of TiN is 0.6–1.2 
[36]. With  N2 flow rate increasing, more and more N 
atoms collide with Ti atoms, leading to a drop in the rela-
tive amount of Ti atoms reaching the substrate. In other 
words, the number of N atoms reacting with Ti atoms 
relatively increases, leading to the rise of N/Ti ratio.

Crystallite size (D) of the film can be estimated using 
the Scherrer formula [37]:

where λ is the wavelength of the incident Cu-Kα X-ray 
(0.1541 nm), B is the full-width at half-maxima (FWHM) 
of the diffraction peak and θ is the diffraction angle. The 
result, as shown in Fig. 3, reveals that the crystallite size of 
the films drops from 40.8 to 33.2 nm with  N2 flow rate ris-
ing. The drop of crystallite size is due to the atom collision 
effects on the kinetic energy. With the  N2 flow rate rising, 
more frequent collision between Ti and N atoms leads to the 
decrease in the kinetic energy of the atom. Therefore, there 
is no enough energy for the depositing atoms to grow up, 
resulting in smaller crystallite size.

(1)D = 0.9�∕Bcos�,

3.2  Microstructure of the films

Figure 4a–d shows SEM images of  TiNx films at various  N2 
flow rates. The SEM images reveal that the nanostructured 
morphology is dense and uniform with trigonal pyrami-
dal shaped grains on the surface of the films. The thick-
ness of  TiNx films measured using SEM is almost the same 
(1.5 µm). According to XRD results, the crystallite size in 
(111) orientation of  TiNx films decreases with the  N2 flow 
rate rising. Therefore, the smaller size trigonal pyramidal 
shaped crystallite will be obtained at the higher  N2 flow rate 
on the surface of the films.

3.3  Resistivity of  TiNx films

The resistivity of the  TiNx films at different  N2 flow rates 
is presented in Fig. 5. The resistivity increases from 305 
to 673 µΩ cm as  N2 flow rate rises from 1 to 8 sccm. The 
higher resistivity for higher  N2 flow rate is perhaps contrib-
uted to the increment of grain boundary in the film. From 
the XRD results, it can be known that the grain size drops 
with  N2 flow rate increasing. Smaller size grain leads to 
the rise in the number of grain boundaries, and enhances 
the scattering effect on the free electronic. Moreover, well 
crystallinity is an important factor to obtain good electrical 
properties for TiN films, the higher the crystalline degree, 
the more charge carriers in the film, and thus the better its 
conductivity is [30].

3.4  EMI‑shielding effectiveness of  TiNx films

The EMI-shielding effectiveness of  TiNx films is calcu-
lated through the scattering parameters (S parameters) 

Fig. 2  N/Ti ratio of  TiNx films at various  N2 flow rates
Fig. 3  Crystallite size of  TiNx films at various  N2 flow rates
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corresponding to the reflection (S11/S22) and transmission 
(S12/S21) obtained from network analyzer. Shielding effective-
ness of glass substrate without films is used as a reference 
level. The reflectance (R) and transmittance (T) coefficients 
are evaluated from the scattering parameters using the expres-
sions [20]:

The total EMI SE is a combined effort of reflection loss 
 (SER), abruption loss  (SEA) and multiple internal reflec-
tion  (SEM). At higher EMI SE values (> 15 dB), the  SEM 
becomes negligible and can be neglected [38]. Therefore, 
the total SE can be defined as

SER and  SEA can be expressed in terms of reflection and 
effective absorption as follows:

Figure 6 shows the comparison of the EMI-shielding 
effectiveness for glass substrate and films deposited on glass. 
It is clear that the films show much improved microwave 
shielding properties comparing to glass substrates. The 
film deposited at lower  N2 flow rate has a higher value of 
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Fig. 4  SEM images of the  TiNx films at various  N2 flow rates a 1 sccm, b 2 sccm, c 4 sccm, and d 8 sccm

Fig. 5  Resistivity of  TiNx films at various  N2 flow rates
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shielding effectiveness. It can be observed that the shielding 
effectiveness has a larger value for the refection as com-
pared to the absorption in the films. Thus, the  N2 flow rate 
influences the total EMI shielding mainly via the variation 
in electromagnetic wave reflection performance. The main 
reason should be ascribed to the increased electrical conduc-
tivity. Electrical conductivity is the primary factor to deter-
mine EMI-shielding performance, including reflection and 
absorption of shielding [39]. The  SER and  SEA are related 
to the electrical conductivity of composites in the following 
equations [16]: 

where σ, f, µ, and d are the electrical conductivity, the fre-
quency of the electromagnetic wave, the magnetic perme-
ability, and the film thickness, respectively. As shown in 
equations above, there is a relationship between the  SER, 
 SEA, and the electrical conductivity σ of films. A drop in 
electrical conductivity σ leads to the decrease in  SER,  SEA, 
and finally a decrease in  SET. As noted above, the resistivity 
of  TiNx films goes up with  N2 flow rate rising, meaning that 
the electrical conductivity σ drops. Therefore, the  SER,  SEA, 
and  SET values should decrease when  N2 flow rate increases. 
However, the value of  SEA has little change. The main rea-
son is ascribed to the film thickness d, which is in nanometer 
scopes and much smaller than the thickness of known EMI-
shielding coatings and films [4, 40]. Under the premise of 
very small thickness, the variation in resistivity causes little 
change in the value of  SEA based on Eq. (8).

In conclusion, the lower  N2 flow rate is, the high  SET is. 
When  N2 flow rate is 1 sccm, the maximum  SET of  TiNx 
films is obtained and greater than 20 dB in 8.2–12.4 GHz 
range. To achieve the similar EMI-shielding value, the thick-
ness of  TiNx films prepared in this work is only 1.47 µm, 
which is much smaller than the thickness of the presently 
known EMI-shielding materials. According to the pre-
vious reports, to obtain an EMI  SET of 20 dB in X-band, 
Yang et al. [41] prepared a carbon nanotube–polystyrene 
foam composite, and the thickness of composite was about 
1.5 mm. Chen et al. [26] fabricated a graphene/PDMS foam 
composite, and the samples were about 1 mm thick. Maiti 
et al. [42] developed a lightweight polystyrene/MWCNT/
graphite nanoplate nanocomposite, the thickness of samples 
were 5.6 mm. By contrast, the thickness of  TiNx films in 
this study is quite small to show remarkable EMI-shielding 
properties, which may satisfy the requirement of many appli-
cations as ultrathin thickness, lightweight, and design flex-
ibility shielding materials [43].

(7)SER = 39.5 + 10log(�∕(2�f�)),

(8)SEA = 8.7d(�f��)1∕2,

Fig. 6  EMI-shielding effectiveness of the  TiNx films at various  N2 
flow rates a  SER, b  SEA, c  SET
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4  Conclusions

TiNx films with different nitrogen contents were prepared 
using direct current reactive magnetron sputtering. Influ-
ence of  N2 flow rate on the resistivity and electromagnetic 
interference (EMI) shielding effectiveness (SE) of  TiNx films 
with the same thickness was studied. With the rise of  N2 
flow rate, the resistivity of  TiNx films increased, while the 
EMI SE decreased. When the flow rate of  N2 was 1 sccm, the 
EMI SE of  TiNx films was over 20 dB. To achieve the similar 
EMI-shielding value, the thickness of  TiNx films prepared in 
this work was only 1.47 µm, which was much smaller than 
the thickness of the presently known EMI-shielding materi-
als, indicating that the  TiNx films can be applied as ultrathin 
thickness and design flexibility EMI-shielding materials.
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