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Abstract
We report on the structural and electrical properties of nanocrystalline zirconium nitride films grown by reactive sputtering 
on Si (100) substrates at room temperature. The samples were grown with a  N2/Ar mixture varying the  N2 concentration 
between 8 and 60% of the total atmosphere. The films are nanocrystalline with the coexistence of conducting and insulator 
phases. The electrical resistivity evolves from ZrN with a metallic state to an insulating rich nitrogen phase, passing through 
a semiconductor-like behavior as  N2 in the mixture increases. A variable-range-hopping regime describes the temperature 
dependence of the resistivity for mixtures between 30 and 40%. Reactive mixtures of 50 and 60% of  N2 give more insula-
tor films. Beyond these macroscopic properties, the films display inhomogeneity electrical properties at the nanoscale with 
coexistence regions of different conductivity. The inhomogeneities reduce as nitrogen stoichiometry increases and the films 
become more insulators. Our results are relevant for applications including conducting electrodes and insulator barriers in 
tunneling devices.
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1 Introduction

The synthesis of thin films at low temperatures is of rel-
evance for applications that include metastable properties 
in disordered materials [1–3] and for the development of 
flexible electronics on polymeric substrates [4–7]. Metal 
nitrides are attractive candidates for the development of 
devices based on different electrical behavior, corrosion 
resistance, hardness, and great surface activity [8–11]. For 
instance, zirconium nitrides are interesting for several tech-
nological applications due to tunable electronic properties 

(such as semiconducting, metallic, and insulator properties) 
[12–16] and great catalytic activity [17]. Zirconium nitride 
can crystallize in different crystal structures including ZrN 
(cubic) [18],  Zr2N (tetragonal) [19], c-Zr3N4 (cubic spinel) 
[20] and o-Zr3N4 (orthorhombic structure) [21]. ZrN dis-
plays a metallic behavior, and the c-Zr3N4 and o-Zr3N4 are 
insulating [14]. Nanocrystalline  ZrNx thin films are usually 
prepared at low temperatures by reactive sputtering [22–27]. 
The reactive gas mixture modifies the nitrogen stoichiometry 
and the microstructure. As nitrogen content increases, the 
films become more amorphous, semi-transparent, and elec-
trically resistive [20, 22, 24]. These changes may be related 
to the disorder generated by interstitial nitrogen, crystalline 
structure, and possible phase coexistence. The presence of 
disorder and coexistence of metallic/insulator regions may 
affect the performance of the samples and hinder some appli-
cations that require electrical homogeneity. Indeed, the elec-
trical behavior in temperature and the homogeneity at the 
nanoscale are of technological relevance for its application 
as barriers and metallic electrodes in non-volatile memory 
devices [13] and Josephson junctions [14].

In this work, we analyze the influence of the reactive 
gas mixture on the structural and electrical properties of 
zirconium nitride thin films grown at room temperature by 
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reactive sputtering on Si (100) substrates. The objective of 
the investigation is to find a correlation between stoichi-
ometry and microstructure on the macroscopic and micro-
scopic electrical properties of the system. Films were grown 
under an atmosphere with different nitrogen concentrations. 
The crystalline structure and chemical composition of the 
films is analyzed by X-ray diffraction (XRD) and Ruther-
ford Backscattering Spectroscopy (RBS), respectively. The 
film morphology and homogeneity of the resistance at the 
nanoscale were evaluated using atomic force microscopy 
(AFM) and conductive AFM (CAFM), respectively. The 
electrical behavior was determined on the basis of the tem-
perature dependence of the resistivity.

2  Experimental

ZrNx films were deposited on Si (100) wafers by DC sput-
tering in an Ar/N2 mixture without any intentional heating 
of the substrate. The films were grown using a power of 50 
watts with a 99.99% purity Zr target (diameter: 0.038 m). 
During the deposition, the substrates were positioned 
directly over the targets at ∼0.055 m. The base pressure was 
≈ 6.7 ×  10–5 Pa. The total pressure during the deposition 
of the films was kept constant at 0.67 Pa. The  N2 partial 

pressure varies from 8 to 60% (controlling directly the Ar/
N2 pressure ratio). Ultra-high-purity Ar (99.999%) and  N2 
(99.999%) were used as gas sources. The sputtering time was 
30 min. Wherever used, the notation [ZrNX] corresponds to 
a zirconium nitride film with X nitrogen (%) mixture.

XRD patterns were collected at room temperature in air 
by a Panalytical Empyrean equipment with  CuKα radiation, 
graphite monochromator, operated at 40 kV and 30 mA. The 
structural analysis was performed based on Θ–2Θ scans with 
an angular step of 0.013°. The thicknesses of films were 
measured using their cross-sections by scanning electron 
microscopy (SEM), where the images were obtained by 
ZEISS Crossbeam 340 microscope operated at 2 keV and 
equipped with Energy Dispersive Spectroscopy (EDS) 
detectors for elementary analysis. The chemical composi-
tion of the films was analyzed by RBS with a TANDEM 
accelerator using a 2 MeV 4He2+ ion beam. The topology 
of the films was characterized by AFM images in a Dimen-
sion  3100©Brucker microscope (contact mode). In addition, 
CAFM measurements were performed using diamond-doped 
conductive tips. Current–voltage (IV) curves were obtained 
using the ramp mode. The minimum detectable current in 
the CAFM used was 1 pA, and the maximum was 1000 nA, 
under a bias voltage ranging from 0.01 to 12 V. The electri-
cal transport measurements for films growth  N2 gas mixtures 
up to 40% were performed using the standard four-terminal 

Fig. 1  Cross-sectional SEM images of  ZriNx thin films. a [ZrN8]; b [ZrN18]; c [ZrN22]; d [ZrN30]; e [ZrN40]; f [ZrN60]
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transport technique. A two-point technique with an elec-
trometer was used to measure the resistivity in thin film 
growth using gas mixtures with 50 and 60%  N2.

3  Results and discussion

Figure 1 shows typical SEM cross-sectional images for 
films growth using different nitrogen concentrations. The 
films display smooth surfaces and their thickness (t) and 
microstructure change with the reactive atmosphere. For 

low nitrogen concentration, the films display a microstruc-
ture with columnar grains. The growth mechanism changes 
with the increment of nitrogen, and the columnar grains 
tend to disappear. Moreover, the growth rate change with 
the reactive atmosphere, decreasing from ≈12 to ≈5 nm /
min as nitrogen in the gas mixture increases from 8 to 60%. 
The thicknesses obtained from the images are 360 nm for 
[ZrN8], 260 nm for [ZrN18], 220 nm for [ZrN22], 200 nm 
for [ZrN30], 196 nm for [ZrN40] and 145 nm for [ZrN60], 
corresponding to panels (a) to (f), respectively. Table 1 sum-
marizes the film’s thickness and other geometrical and elec-
trical parameters.

Figure 2 shows the XRD patterns for films deposited in 
different reactive gas mixtures. The patterns display Bragg 
reflections related to the cubic ZrN (pdf card 03–065-
9417). The film growth in a mixture with 8%  N2 shows the 
(111)ZrN and (200)ZrN. The lattice parameter obtained from 
the peaks corresponds to a = 0.465 (1) nm, which is slightly 
higher than the tabulated for the stoichiometric compounds 
(0.457 nm). As the  N2 increases in the reactive gas mixture, 
the (200)ZrN reflection progressively decreases to disappear 
for gas mixtures higher than 40%  N2. A feature that emerges 
in the patterns is the presence of an asymmetric peak at 2Θ 
≈33°, as evidence for [ZrN18]. This reflection systematically 
increases with the  N2 content, and it is the unique reflec-
tion for  N2 above 40%. Two different ways may analyze the 
nature of this peak. The first is related to cubic ZrN regions 
with different nitrogen stoichiometry and disorder. Indeed, 
in other systems such as  Mo2N, the excess of nitrogen in thin 
films modified the microstructure, producing a shift toward 
smaller 2Θ compared to stoichiometric ones [28]. On the 
other hand, at 2Θ ≈33°, the orthorhombic  Zr3N4 (pdf card 
01-087-0843) displays the reflections (320), (201), (040) and 
(121). However, considering the high structural disorder of 
the samples, the presence of  Zr3N4 is unclear. Regarding 
cubic ZrN, the reduction of (200)ZrN increasing nitrogen sug-
gests higher disorder due to large amount of interstitial nitro-
gen. Indeed, applying the Scherrer equation in the (200)ZrN 
reflection for a rough estimation and comparative purposes, 
where the crystallite size perpendicular to the plane reduces 
from 130 nm for [ZrN8], 50 nm for [ZrN18], and 36 nm 
[ZrN22]. The progressive reduction in the grain size average 
for the (200)ZrN reflection agrees with the systematic change 
in the growth mechanism evolving from a columnar struc-
ture to a granular one. The films with gas mixtures between 
40 and 60%  N2 display a broad peak 2Θ ≈33°, a signature 
of disorder and nanometric grains. To verify an agreement 
between structural and chemical composition changes, we 
measured the Zr/N atomic ratio using RBS. The results 
show the following variations: 0.89 (0.05) for 8%  N2, 0.92 
(0.05) for 18%  N2, 1.00 (0.05) for 22%  N2, 0.70 (0.05) for 
30%, and 0.70 (0.05) for 40%  N2. The evolution in nitrogen 

Fig. 2  XRD patterns for  ZrNx thin films growth in different Ar/
N2 mixtures. The line for  Zr3N4 corresponds an overlapping of the 
reflections (320), (201), (040) and (121). (*) Si (200). (**) Unidenti-
fied. The samples are indicated as [tZrNX], with t in nm
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stoichiometry relates to the changes in the microstructure of 
the films discussed above.

The influence of the reactive gas mixture on the surface 
morphology was analyzed using AFM images. Figure 3 
shows typical AFM images (1 × 1 μm2) and the respective 
histograms of peak height profile. The samples display flat 

surfaces, root-mean-square (RMS) roughness and the peak 
to valley height changes as nitrogen in the reactive mix-
ture increases. The histograms seem to be Gaussian with no 
features of bimodal distribution. RMS roughness increases 
from  N2 8 to 18% (1.0 to 1.6 nm), then it is stable for 18 
and 22% (1.6 nm), and then it decreases from 1.6 to 0.3. 
The latter agrees with the reduction in the grain size and the 
suppression of the columnar structure originated by (200)ZrN 
texture.

The electrical behavior in the  ZrNx films was determined 
from resistivity (ρ) versus temperature (T) measurements. 
Figure 4 shows a summary of the measurements for tem-
peratures between 3 K and room temperature. The results 
show a gradual evolution from metallic to insulator behavior 
as the nitrogen in the mixture increases. [ZrN8] displays a 
metallic behavior with a residual resistivity ratio (R300 K / R10 

K) of ≈1.1, which is a signature of high disorder as evidence 
contrasting the data with thin films grown at high tempera-
tures [29]. Moreover, the disorder and grain size increase 
the resistivity at room temperature of ≈240 μΩ.cm, being 
much higher than the 12 μΩ.cm reported for epitaxial films 
[30]. The modification of the reactive gas mixture has a tre-
mendous impact on the absolute values of resistivity and on 
its temperature behavior. Results indicate that the metallic 
behavior disappears for gas mixtures higher than 8%  N2. 

Fig. 3  AFM images with their RMS and roughness histograms of  ZrNx thin films. The samples are indicated as [tZrNX], with t in nm

Fig. 4  Temperature dependence of the resistivity for  ZrNx films 
grown using different reactive gas mixtures



Nanoscale electronic inhomogeneity in  ZrNx thin films growth by reactive sputtering at…

1 3

Page 5 of 8   769 

Results indicate that the metallic behavior disappears for 
gas mixtures higher than 8%  N2. As nitrogen increases, the 
films evolve to a semiconductor behavior with a systematic 
increment in the resistivity at room temperature as nitrogen 
in the gas mixture increases. The resistivity values at room 
temperature display an abrupt jump at mixtures between 22 
(0.009 Ω.cm) and 30% (0.17 Ω.cm), increasing to 0.3 Ω.cm 
for 40%  N2. The resistivity for thin films growth at richer 
 N2 gas mixtures (more insulators) was measured in a two-
point configuration from voltage-current curves. The value 
at room temperature from (V-I) curves for 50%  N2 is 10 
Ω.cm. On the other hand, the V-I curve for 60% shows a 
non-Ohmic behavior (not shown). This behavior is usually 
observed in tunnel junctions and Schottky barriers and is 
outside the manuscript's scope [31, 32].

Following, the semiconductor behavior will be ana-
lyzed in more detail for [ZrN18], [ZrN22]. [ZrN30], and 
[ZrN40]. The increment in the resistivity of the films can be 
explained by the decrease in the grain size and the changes 
in the microstructure of the films. In general, the changes 

in the microstructure of the films should induce changes in 
the transport mechanisms. It is important to mention that 
as the ZrN phase reduces and nitrogen content increases, 
and the films become more homogenous at the nanoscale. 
Figure 5a shows log (σ) vs (1/T) (σ being the conductivity) 
for the different films. For thermal activation conduction, the 
Arrhenius equation predicts:

where �0 is a pre-exponential factor, Ea is the activation 
energy, and is Boltzmann’s constant [33]. The high-tem-
perature conduction process in semiconductors usually 
comes from the electrons hopping from the donor levels 
to the valence band to acceptor levels. Our data in the dif-
ferent samples do not display a region in which (even at 
high temperatures) a linear region is identified and indicates 
the existence of a different or a combination of conduction 
mechanisms. The temperature dependence of the resistivity 
in disordered systems generally takes the form:

where ρ0 is a prefactor, T0 is a characteristic temperature 
and the exponent p depends on the shape of the density of 
states at the Fermi level (FL) [33]. For Mott variable-range-
hopping (VRH), p can be ¼ (3D systems) or 1/3 (2D sys-
tems). Figure 5b shows � versus T−1/4 in logarithm scale 
for the different films. The results show that for [ZrN30] 
and [ZrN40], a linear behavior is observed, whereas no 
agreement appears for [ZrN18] and [ZrN22]. The different 
behavior may be related to the fact that films grown with 
 N2 mixtures of 18 and 22% display an important fraction 
of the metallic ZrN phase and the electrical transport is 
not through a unique mechanism. The T0 values obtained 
from the slopes for [ZrN30] and [ZrN40] are ≈10,000 and 
≈139,000 K, respectively. These values are in the range of 
the reported for semiconducting ZnO [34] and smaller than 
those presented for ceramics such as  CaCu3Ti4O12 [35] and 
Cu-doped  BaTiO3 [36]. Using the values of T0, it is possible 
to estimate the hopping energy Eh(T) for a given temperature 
T [37]:

The  Eh (5 K) goes from 0.27 to 1.4 meV when the nitro-
gen in the mixture is increased from 30 to 40%, which are 
values in the range of the reported for semiconducting ZnO 
[34].

To verify the role of the phase coexistence on the electri-
cal properties at the nanoscale, the surface conductivity of 

(1)�(T) = �0 exp
[

−
(
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kT
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Fig. 5  a Plot of log (1/ρ) vs (1/T) for [ZrN18], [ZrN22], [ZrN30] and 
[ZrN40]. Inset: zoom of the data for [ZrN18], [ZrN22]. b Plot of log 
ρ vs T−1/4 for the same films that panel (a). The straight dotted lines 
are the least-squares fits considering the VRH conduction law accord-
ing to the Eq. 2
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Fig. 6  Left Typical Conductive AFM images of  ZrNx films deposited in different reactive gas atmospheres and (right) their corresponding cur-
rent distribution. Current bar was extended for a clear visualization in the color scale. The samples are indicated as [tZrNX], with t in nm

Table 1  Deposition parameters 
and main characteristics of  ZrNx 
thin films

N2/(N2 + Ar) Deposition 
rate
(nm/min)

Thickness
(nm)

Zr/N
at. %

RMS
(nm)

Electrical behavior ρ 298 K

(Ω.cm)

8 12 360 0.89 (0.05) 1.0 Metallic 0.00024
18 8.6 260 0.92 (0.05) 1.6 Semiconducting 0.004
22 7.3 220 1.00 (0.05) 1.6 Semiconducting 0.006
30 6.6 200 0.70 (0.05) 0.6 Semiconducting 0.17
40 6.5 196 0.67 (0.05) 0.6 Semiconducting 0.3
60 4.8 145 – 0.3 Non-Ohmic behavior –
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the samples was studied by CAFM at room temperature. Fig-
ure 6a–f shows the typical CAFM images and their current 
distribution of  ZrNx samples with different nitrogen concen-
trations. Samples with low N concentration present a high 
mean conductivity (~ 1MΩ) with a wide current distribution. 
High conductance areas of around 100 nm can be seen in 
the image (Fig. 6a and d). As the nitrogen concentration 
increases, the sample becomes more insulating (Fig. 6c–f). 
The current distribution shifts to lower currents and the size, 
density, and conductivity of the conducting areas decrease. 
The size of typical “high” conductive areas is below 50 nm, 
being of the same order that the columnar structure observed 
in Fig. 1. The sample with the highest nitrogen concentration 
is insulating (V/I ~1000 MΩ) (Fig. 6c and f). Nevertheless, 
the homogeneity of the sample increases with increasing 
nitrogen concentration, showing for this sample a narrow 
Gaussian type current distribution. It should be noticed that 
the image and the current distribution of this sample present 
two different conducting areas (two Gaussian type current 
distributions are observed, Fig. 6f). The origin of this effect 
is probably a small experimental artifact, such as different 
pressures during the beginning and the end of the scan. The 
tip/sample forces can modify the contact area changing the 
effective conductance. The narrow current distribution of 
the sample makes this effect noticeable.

The results show that the microstructure of  ZrNx thin 
films changes with the nitrogen content. We observe that 
films with mostly metallic ZrN phase display a columnar 
growth, which is in agreement with previous results [38]. 
Moreover, the resistivity of the films evolves as is expected 
for an increment in the nitrogen stoichiometry [22]. The 
results show that the conductivity of the films varies at the 
nanoscale, being more homogeneous as the films become 
more insulators. The inhomogeneities may be related to 
phase coexistence of metallic and insulator phases. Finally, it 
is important to note that for reactive gas mixtures between 30 
and 40% of nitrogen, the films become more homogenous at 
the nanoscale and display semiconductor-like behavior with 
electrical properties dominated by VRH, which is in agree-
ment with the expectations for disordered semiconducting 
systems. The possibility to tune electrical properties through 
phase separation may be of relevance for catalytic applica-
tions. On the other hand, semiconducting and insulator lay-
ers with homogeneous electrical properties are of relevance 
for tunneling devices.

4  Conclusions

We analyzed the influence of the chemical composition 
on the electronic properties of zirconium nitride thin films 
grown by reactive sputtering on Si (100) substrates at 
room temperature. The crystalline structure and electrical 

properties of the films are affected by the composition of 
the reactive gas mixture. The films display a resistivity 
that evolves from metallic to insulator, crossing through 
a semiconductor-like behavior as the nitrogen in the gas 
mixture increases from 8 to 60%. The semiconductor-like 
behavior agrees with phase separation at the nanoscale 
with insulator and metallic regions, indicating that the 
disorder plays a role in the electrical transport of the sam-
ples. The electrical properties become more homogenous 
as nitrogen increases and metallic ZrN reduces. The tem-
perature dependence of the resistivity for films growth 
using nitrogen concentrations of 30 and 40% is described 
by VRH for 3D systems, which agrees with the expec-
tations for disordered semiconductors. Finally, the films 
become more insulators for gas mixtures with 50 and 60%. 
Our results shed light on some limitations in the potential 
application of  ZrNx thin films in electronic devices devel-
oped at room temperature.
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