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Hard, refractory thin fi lms consisting of group IVB 

element mono-nitrides deposited using various chemical 

and physical vapour-deposition techniques are widely 

used in wear-resistant applications. As the demand 

for performance exceeds the capabilities of existing 

materials, new materials with superior properties must 

be developed. Here we report the realization and 

characterization of hard cubic Zr3N4 (c-Zr3N4) thin fi lms. 

The fi lms, deposited using a novel but industrially viable 

modifi ed fi ltered cathodic arc (FCA) method, undergo 

a phase transformation from orthorhombic to cubic 

above a critical stress level of 9 GPa as determined by 

X-ray diffraction and Raman spectroscopy. The c-Zr3N4 

fi lms are signifi cantly harder (~36 GPa) than both the 

orthorhombic Zr3N4 (o-Zr3N4) and ZrN fi lms (~27 GPa). The 

ability to deposit this material directly onto components 

as a thin fi lm will allow its use in wear- and oxidation-

resistant applications.

In addition to wear applications, nitride thin fi lms are also widely 
used as brass-coloured decorative layers. Plasma-deposited nitride 
thin fi lms (specifi cally zirconium nitride, ZrN) with superior 

hardness and corrosion resistance offer an environmentally friendly 
alternative to wet plating where a large amount of hazardous waste 
is generated. Nitride thin fi lms such as TiN, ZrN, CrN and (Ti, Al)N 
are widely deposited at low temperatures (<400 °C) on an industrial 
scale using magnetron sputtering or cathodic arc plasmas1–3. Mono-
nitride thin fi lms adopt the NaCl structure and are highly conductive 
owing to a fi nite density of states at the Fermi level from the residual 
electron contributed by each atom in the metal d band.

Although it is generally diffi cult to vary the concentration of 
nitrogen in nitride thin fi lms, metastable higher nitrides with a 
composition of M3N4 (where M is either Hf or Zr) and orthorhombic 
structure have also been reported4–11. These nitrogen-rich fi lms are 
transparent and much less conducting than the mono-nitrides. Bulk 
samples of higher-density cubic Zr3N4 and Hf3N4 (c-M3N4) with 
thorium phosphide (Th3P4) structure have been synthesized by Zerr 
et al. using a high-pressure laser-heated diamond anvil cell12. Their 
results showed that the c-Zr3N4 formed at a pressure of 15.6–18 GPa 
and temperature of 2,500–3,000 K whereas the c-Hf3N4 phase could 
be obtained at 18 GPa and 2,800 K. The transition metal M3N4 
phases are similar to the group IVA element nitrides (M3N4 where 
M = Si, Ge, Sn), which also show low- and high-density phases13–15. 
The high-density γ phases of these nitrides with spinel structure, 
which are comparable to the c-M3N4 of transition metal nitrides, 
show extraordinary mechanical and electrical properties, which 
make them useful in many applications ranging from abrasives to 
material for blue LEDs. Following the experimental result of Zerr 
et al.12, several theoretical studies16–19 have been undertaken to 
understand and explore new properties of different phases of M3N4. 
The calculations indicate these new materials have extraordinary 
oxidation resistance and are expected to be nearly as hard as γ-Si3N4 
and also semiconducting with a bandgap of around 1.5 eV. Indeed, 
Zerr et al. reported a high bulk modulus of 250 GPa for both c-Zr3N4 
and c-Hf3N4 indicating high hardness and they also found that 
c-Hf3N4 was transparent12.

In this work, we describe the deposition and characterization of 
cubic Zr3N4 thin fi lms. These novel thin fi lms were deposited using a 
novel modifi ed fi ltered cathodic arc (FCA) where the metal vapour, 
generated by an arc discharge on pure zirconium cathode, was 
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reacted with fully ionized atomic nitrogen. The plasma conditions 
generated by our modifi ed FCA are unique and allow unprecedented 
control over the ion energy and fl ux. The zirconium nitride thin 
fi lms deposited using our technique have Zr3N4 stoichiometry in 
contrast to fi lms deposited by unmodifi ed FCA, which are ZrN. The 
structure of our Zr3N4 fi lms was determined by X-ray diffraction 
(XRD), electron diffraction in transmission electron microscope 
(TEM) and by Raman spectroscopy. Thin fi lms were deposited 
at several ion energies with modifi ed and unmodifi ed FCA. Our 
results indicate that the cubic Zr3N4 is obtained at optimum ion 
energy ranging from 100–200 eV, which also correlated to the most 
highly stressed fi lms. The compressive stress appears to be the key 
factor in obtaining the cubic versus the orthorhombic structure 
for Zr3N4. That is, fi lms with Zr3N4 stoichiometry but with stress 
less than ~9 GPa have the orthorhombic crystal structure, whereas 
higher stress values yield the cubic structure. The hardness of the 
c-Zr3N4 fi lms measured using nano-indentation was found to be 
substantially higher (~36 GPa) than for fi lms with orthorhombic or 
NaCl structures (~27 GPa). The fi lms were also transparent with an 
absorption edge at around 1.6 eV.

Cathodic arc is an important source of highly ionized and 
directed plasma beams for energetic deposition of thin fi lms. 
The high level of ionization in the plasma allows for precise 
control of the ion energy by applying a bias to the substrates. The 
ability to control the ion energy allows tunability of the thin-fi lm 
structure. A quarter torus magnetic solenoid is generally used to 
fi lter out microscopic particles (referred to as ‘macro-particles’) 

that are also generated during the arc discharge. Thus the fi ltered 
plasma at the exit of the plasma duct is essentially free of macro-
particles, allowing the deposition of atomically smooth, high-
quality thin fi lms20–22. Although the metal vapour in FCA is 
completely ionized, the degree of ionization of the reaction gas 
(nitrogen in the case of nitrides) is relatively small (~10%). The 
lack of ionization leads to ineffi cient reactions and also broadens 
the ion-energy distribution of the impinging fl ux.

We have used a modifi ed FCA process, which leads to a fully 
ionized plasma consisting of singly charged Zr+, N+ and ZrN+ species 
to obtain the c-Zr3N4 phase. The modifi ed method is similar to the 
unmodifi ed FCA in all respects except that the nitrogen gas inlet 
into the chamber is by a 1-mm hole in the Zr cathode on which the 
arc discharge occurs23–26. This is similar to our previously reported 
localized high-pressure arc discharge (LHPAD) used to deposit 
ultra-hard and elastic carbon thin fi lms27 and low friction MoS2 
thin fi lms28. In LHPAD, the high pressure above the arc spot is 
used to quench the vapour and form nanoparticles, which are then 
condensed onto a substrate. In the experiments reported here, we 
introduce the reactive gas at the arc spot in order to enhance the 
formation of zirconium nitride on the cathode surface (referred 
to as poisoning). By adjusting the fl ow rate and pressure of the 
gas, it is possible to consume all of the nitrogen in the poisoning 
reaction29. The poisoning of the cathode surface means that the arc 
effectively runs on a nitride surface rather than pure Zr metal. The 
degree of poisoning is signifi cantly enhanced in our modifi ed FCA 
and thus our plasma characteristics show only singly charged Zr+, 
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Table 1 Comparison of c-Zr3N4 calculated and measured XRD peak positions as well 
as spacings measured by electron diffraction. The calculated Cu Kα XRD pattern 
was based on a cubic structure in a I-centred lattice space group (I43d with a lattice 
parameter 6.740 Å), as reported by Zerr et. al.12 and others16,19.

hkl Theoretical d 
values 

Theoretical 2θ Measured 2θ 
(XRD)    

Measured 2θ 
(ED)   

211 2.75159 32.514 32.703 32.5

220 2.3895 37.720

310 2.13138 42.374 41.260 42.4

321 1.80134 50.634 51.063

400 1.68500 54.407

420 1.50711 61.476 61.324

332 1.43697 64.831 64.75

422 1.37580 68.097 68.962

510 or 431 1.32182 71.289 71.29

521 1.23055 77.508

440 1.19147 80.558

530 1.1559 83.581

611 or 532 1.09337 89.581

Figure 1 Mass spectrum and ion-energy distribution (inset) of Zr-N plasma 
produced by the modifi ed fi ltered cathodic arc. Three distinct mass peaks 
attributed N+, Zr+ and ZrN+ charge states can be clearly observed. The Zr+ and 
ZrN+ mass peaks can be deconvoluted in to three peaks associated with the most 
prevalent isotopes of Zr. The possibility of N2

++ peak contributing to the N+ peak 
was eliminated by closely monitoring the peak at 14.5 AMU from the 15N isotope. The 
absence of the 14.5 AMU peak indicates the peak at 14 AMU is entirely from N+. Note 
that the intensity is in linear scale. The narrow ion-energy distribution of the Zr+ 
species in the inset reveals a peak energy of ~18 eV. The N+ and ZrN+ species also 
exhibited similar energy distribution. The plasma characteristics were measured 
using a Hiden EQP Analyzer equipped with mass spectrometer located at the exit of 
magnetic fi lter ~50 cm from the Zr cathode.
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Figure 2 Crystal structures, XRD, TEM, Raman and UV-VIS spectroscopy data for various Zr-N thin films investigated in this study. Crystal structure of a, 
ZrN based on the rock salt NaCl structure; b, orthorhombic Zr3N4 based on the space group Pnam; and c, the cubic Zr3N4 structure based on the I43d space group. 
d, TEM image of 100-nm c-Zr3N4 thin films deposited on salt. The TEM samples were produced by dissolving the salt in de-ionized water. The images were obtained 
using a JEOL 2000FX TEM operated at 200 kV. The inset shows the electron diffraction pattern used to calculate the 2θ values in Table 1. e, XRD patterns from 
three types of Zr-N films produced by the filtered cathodic arc. The XRD was performed, using a Siemens MRD diffractometer with a Cu source, on 0.75-µm thin 
films deposited on Si substrates. In order to enhance the signal from the thin films, all measurements were performed at low grazing angles. The Si peaks from the 
XRD spectra have been removed for clarity. f, Raman spectrum of c-Zr3N4 thin films measured using a Renishaw Raman microscope with 514.5 nm Ar laser. The 
inset shows the Raman spectrum for ZrN films. g, Typical optical absorption properties of c-Zr3N4 deposited on quartz substrates. The absorption was measured 
using an UV-VIS spectrometer (Phillips two beam) with wavelengths in the 200 to 900 nm range.
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N+ and ZrN+ species (Fig. 1) as expected from an arc discharge on 
Zr-N. That is, the arc evaporates Zr-N and then through collisions 
the compound is ionized or dissociated into Zr and N, which 
can be ionized through additional collisions. The narrow ion-
energy distribution of the plasma is shown in the inset of Fig. 1. 
The fully ionized plasma with a narrow ion-energy distribution 
function provide signifi cantly better control over the deposition 
parameters than previously reported of Zr-N plasmas29, which we 
believe is essential for creating conditions for the formation of the 
metastable c-Zr3N4 phase.

The stoichiometry of all fi lms deposited using the modifi ed 
FCA was measured by Rutherford backscattering and found to 
be Zr3N4, whereas the unmodifi ed FCA yielded only the mono-
nitride. The oxygen content in the fi lm was negligible. The three 
zirconium nitride crystal structures (rock salt, orthorhombic Zr3N4 
(o–Zr3N4) and cubic Zr3N4) encountered in this study are shown 
in Fig. 2a–c. The TEM image of our polycrystalline fi lms with 
crystallite sizes ranging from 100 – 200 nm is shown in Fig. 2d. The 
electron diffraction pattern is shown in the inset of the image and 
the spacings measured from the pattern are listed in Table 1. XRD 
spectra of Zr3N4 and ZrN fi lms are shown in Fig. 2e. In the case of 
Zr3N4, two distinct XRD spectra, characteristic of orthorhombic 
and cubic crystal structures, were obtained, whereas the ZrN fi lms 
exhibited the typical NaCl cubic structure (referred to as δ-ZrN). 
The comparison of the measured and calculated XRD peak positions 
of the c-Zr3N4 phase are given in Table 1. The XRD spectra and peak 
positions of the orthorhombic Zr3N4 and ZrN fi lms match well with 
other reports in the literature10,30. Although no experimental XRD 
spectrum for c-Zr3N4 is available for comparison, we have calculated 
the XRD spectrum based on the experimental data of Zerr et al.12 and 
theoretical calculations by others16,19. It can be seen from Table 1 that 
our measured electron-diffraction spacings and XRD peak positions 
for c-Zr3N4 fi lms match well with the calculated values, indicating 
that we have been successful in depositing the phase as a thin fi lm. 
The slight deviations between the experimental and calculated lattice 
parameters in Table 1 are attributed to displacement of atoms due to 
ion bombardment during growth. That is, the creation of vacancies 
and interstitials during energetic condensation of the impinging 
ions is probably responsible for the variation in atomic positions in 
the lattice of our c-Zr3N4 thin fi lms.

In addition to the diffraction data, we have also confi rmed 
the deposition of the c-Zr3N4 phase through Raman spectroscopy. 
The Th3P4 structure of Zr3N4 contains 14 atoms in its unit cell and 
has Td point group. The group theory analysis yields the following 

Table 2 Comparison of Raman peak positions (cm–1) of our c-Zr3N4 thin films and 
bulk samples fabricated by Zerr et al.12. Calculated values reported by Kroll et al.16 
are also shown.

Bulk c-Zr3N4 Thin film c-Zr3N4 Calculated values

163 165 165

196 195 282

387 387 368

416 415 423

551 550 506

707 710 670
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Figure 3 Variation of hardness and stress versus ion energy and the 
dependence of hardness on the stress. Film thickness was 780 nm. a, Hardness 
and compressive stress versus ion energy for Zr-N fi lms deposited using the 
unmodifi ed and modifi ed fi ltered cathodic arc. Both properties show similar trends 
with ion energy, peaking at 100 to 200 eV. Films with the highest hardness were 
found to be c-Zr3N4, as indicated. The hardness was measured using a Nanoindenter 
II nanoindentation machine with a Berkovich tip. The maximum applied load was 
5 mN, which yielded a maximum displacement of around 80 nm. The compressive 
stress in the fi lms was obtained from the curvature of the Si substrate before and 
after the fi lm deposition27,29. b, Cubic Zr3N4 hardness versus the compressive stress. 
Films with the highest stress were found to be c-Zr3N4, whereas the low-stress 
fi lms deposited by the modifi ed FCA had the orthorhombic structure. The error bars 
represent the standard deviation of at least fi ve measurements.
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vibrational modes: Γ opt = A1 + 2A2 + 3E + 5T1 + 5T2 where A1, 
E and T2 modes are Raman active16. The Raman spectrum of our 
c-Z3N4 thin fi lms is shown in Fig. 2f. The Raman analysis revealed 
six vibrational modes, which are in excellent agreement with the 
results of Zerr et al.12. A strong peak ~387 cm–1 with a shoulder at 
around ~415 cm–1 is clearly visible along with less intense peaks 
at ~165 cm–1, ~195 cm–1, ~550 cm–1 and ~710 cm–1. In addition 
to these peaks, there are also two peaks (~500 cm–1 and 980 cm–1) 
that correspond to the silicon substrates on which the fi lms are 
deposited and thus indicate that the c-Zr3N4 phase is transparent. 
This is in agreement with our optical measurements of the fi lms, 
which show an absorption edge at ~1.6 eV (Fig. 2g). In the inset of 
Fig. 2f, we have also included the Raman spectrum of δ-ZrN, which 
shows typical features31. Comparison of phonon modes from our 
c-Zr3N4 thin fi lms and from bulk samples of Zerr et al.12 along with 
calculated values16 are listed in Table 2. It can be seen that the two 
experimental values are in very good agreement but differ slightly 
from the calculated values. Thus our Raman data is consistent with 
the diffraction data and indicate that we have been successful in 
depositing the cubic phase of Zr3N4.

The FCA has been used previously to obtain the metastable 
highly tetrahedral amorphous carbon phase through deposition 
at optimum ion energy and temperature32,33. We have carried out 
a similar experiment to investigate whether a phase change in 
zirconium nitride can be induced through adjusting the plasma 
parameters. The variation of hardness and compressive stress as a 
function of the ion energy are shown in Fig. 3a. The optimum ion 
energy for achieving the maximum hardness of these fi lms is between 
100 to 200 eV. The highest hardness values are also correlated to the 
highest stress values. The linear correlation between the hardness and 
stress is illustrated in Fig. 3b. It can be seen in Fig. 3a that the ZrN 
fi lms follow a similar trend to the Zr3N4 fi lms and do not undergo 
any dramatic changes in structure or stoichiometry. In contrast, we 
have found that the Zr3N4 thin fi lms undergo orthorhombic to cubic 
phase change at ion energies ranging from 100 to 200 eV. Our data 

shown in Fig. 3a and b show that the fi lms with the highest stress 
and highest hardness are of the cubic phase. Furthermore, we fi nd 
that fi lms with a stress value above ~9 GPa have cubic structure, 
whereas fi lms with stress values less than ~9 GPa, even those 
deposited between 100 to 200 eV, have the orthorhombic crystal 
structure. Therefore, the compressive stress in the fi lms (and not the 
ion energy) appears to be the key factor in nucleating the metastable 
cubic phase. Currently we are investigating why few fi lms deposited 
at the optimum ion energy of 100 to 200 eV have low stress and thus 
are orthorhombic whereas most fi lms are cubic. We also argue that 
the signifi cantly higher hardness values of the denser c-Zr3N4 phase 
are intrinsic of the material and not entirely stress induced.

We now discuss the possible mechanism for the formation 
of the metastable c-Zr3N4 phase. Stress-induced stabilization 
of a metastable phase has been widely demonstrated in many 
materials32,34. Furthermore, although the overall stress in a thin fi lm 
can be low, high stress regions may lead to nucleation of a metastable 
phase. Mckenzie has shown that the hydrostatic stress in a thin fi lm 
is approximately equivalent to two thirds of the biaxial stress when 
the shear stress is ignored32,34. Stress relaxation in thin fi lms can take 
place through shearing of the material or the substrate. Therefore, 
harder materials can withstand much higher compressive stresses 
due to the superior shear strength. This is the case in Fig. 3b where 
the harder c-Zr3N4 thin fi lms have signifi cantly larger stress. As the 
threshold stress for phase transformation is approximately 9 GPa, 
the hydrostatic stress experienced by the fi lm is ~6 GPa. Although 
this value is lower than the ~15 GPa reported by Zerr et al.12, recent 
calculations35 indicate that a pressure of only 6 GPa is suffi cient for 
stabilization of the metastable c-Zr3N4 phase. The bulk temperature 
of the substrate during deposition was held at 400 °C although 
the actual temperature near the growth zone will be signifi cantly 
higher due to ion-energy dissipation. It is diffi cult to estimate the 
temperature in the growth zone but calculations based on the thermal 
spike model indicate temperatures can be as high as 3,000 K (ref. 36). 
Thus the high temperature and hydrostatic stress conditions created 
by adjusting the deposition conditions are thermodynamically 
similar to those reported by Zerr et al.12, and thus favourable for the 
formation of the metastable c-Zr3N4 thin fi lms.

In order to translate the extraordinary properties of the cubic 
phase into real applications, we have coated carbide end mills with 
the c-Zr3N4 coating and performed milling tests. The results of 
the tests are shown in Fig. 4. It can be clearly seen that the c-Zr3N4 
coating dramatically outperforms the uncoated tool as well the end 
mill coated with the traditional TiN. Furthermore, the actual wear 
on the fl ank of the end mill is shown in the inset of Fig. 4. The fl ank 
wear was also found to be dramatically better than the uncoated 
as well the TiN coated tool. These results indicate that the c-Zr3N4 
phase has great potential as a wear-resistant layer.

Our fi ndings indicate that the metastable phase is stabilized by 
the large stress and high temperature in the growth zone, which 
create suitable thermodynamic conditions for stabilization of the 
cubic phase. It may also be possible to deposit other nitrides such 
as γ-Si3N4 and Ge3N4 as thin fi lms using our technique. Finally, in 
contrast to bulk synthesis, the ability to deposit this hard nitride 
phase as a thin fi lm will allow its widespread use as oxidation- and 
wear-resistant layers on automotive parts and tool components.

METHODS
The Zr-N thin fi lms were deposited using fi ltered cathodic arc apparatus (duct diameter = 12 cm). 

The base pressure achieved before all depositions was 2 × 10–7 torr. The magnetic fi eld used to 

guide the plasma around the 90° bend was 30 mTesla. A high purity (99.6%), cylindrical cathode 

(diameter = 6.25 cm, height = 5 cm) was used as the plasma source. The cathode was powered by 

a direct current arc welding power supply. The arc was ignited by touching an earthed anode (Mo 

rod with a diameter of 3 mm) to the cathode. The nitrogen in the unmodifi ed FCA depositions 

was introduced near the cathode. In the modifi ed FCA case, the nitrogen was introduced through a 
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Figure 4 Milling test results from uncoated, TiN and c-Zr3N4-coated three fl ute 
end mills with a diameter of 8 mm. The milled material was AISI 1045 steel. The 
rotation speed of was 200 m min–1 and the feed rate was 10 m min–1. The depth of 
cut was approximately 1.5–2.0 mm. Standard coolant was used during machining. 
The cutting was stopped after 250 m. The fi lm thickness for both FCA TiN and 
c-Zr3N4 was kept constant at 1.2 µm. Uniform coating on the end mill was achieved 
by rotating the end mills during deposition. The inset shows the wear after milling 
various lengths of the low carbon steel.
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1 mm hole in the Zr cathode. The complete poisoning of the cathode surface was found to occur at 

a pressure of 4 × 10–4 torr. At this pressure, virtually all the nitrogen is consumed by the cathode so 

that no molecular nitrogen could be detected by our Hiden EQP plasma analyser. In this study, all 

depositions were carried out at an arc current of 75 A and voltage of 19 V. The ion fl ux at the cathode 

was kept constant at 4.7 mA cm–2 to obtain a deposition rate of ~2 nm s–1. The substrate temperature 

was adjusted to 400 °C before deposition using a resistive heater and monitored by a thermocouple. The 

ion energy was controlled by applying a bias voltage using an Advanced Energy 1kW MDX generator. 

The approximate total ion energy was obtained by adding the initial energy of the ions plus the applied 

bias. The thicker fi lms were deposited using the two-step process37 where the fi rst step is the creation 

of an interface layer through ion bombardment at ~1,000 eV (current density = 4.5 mA cm–2 for 30 

seconds). Subsequent to the ion bombardment, the bias voltage was reduced to –100 V to deposit the 

c-Zr3N4 phase. The creation of the interfacial layer through the initial high-energy bombardment seems 

to provide suitable adhesion of the highly stressed fi lms to the substrate, although direct measurement 

of the adhesion is still underway.

Received 2 October 2004; accepted 17 January 2005; published 13 March 2005.
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