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Optical and electrical properties of sputtered ZrN compounds
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Abstract

We studied zirconium nitride layers prepared by reactive direct current (dc) magnetron sputtering and synthesized with nitrogen gas flow
ranging from 1 to 9 sccm (standard centimeter cube per minute) N2. We measured their electrical resistivity and recorded their X-ray diffraction
patterns as well as their RBS spectra and optical reflectance curves. Thus we could determine their crystallographic structure, their nitrogen
content and their optical properties by simulating the reflectance curves with Drude’s model for stoichiometric and sub-stoichiometric samples,
and an extended Drude model for over-stoichiometric samples. In this work, we focus on our stoichiometric sample S4, in order to compare
the dielectric function as well as the optical indexesn andk, deduced from fit optical parameters, with those given in literature. There is a
good agreement between these results. Besides, we determined the “optical resistivity” of our several samples and compared them with the
“electrical resistivity” measured by a four-probe method. Also, a good agreement is found between both curves, which confirms that the
formalism used to simulate the reflectance curves is well adapted to these compounds.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Thanks to their interesting properties (high melting point,
chemical stability and corrosion resistance[1]), zirconium
nitrides are used in different applied domains, notably as
coatings[2–6], in cryogenic thermometers[7], in Josephson
junctions[8], as gates in MESFET transistor technology[9],
as diffusion barriers in p+/n junctions[10] and in Cu/Si
contacts[11,12] and finally as an attractive inert matrix in
fast reactor fuels for incineration of plutonium and minor
actinides[13].

In this paper, we investigate crystallographic, electri-
cal and optical properties of various stoichiometric and
non-stoichiometric zirconium nitrides prepared by dc reac-
tive magnetron sputtering.Section 2is devoted to the sample
preparation and characterization, whereas inSection 3we
present and discuss our experimental results. InSection 4,
we present the simulation method of the optical reflectance
curves with use of Drude’s model for sub-stoichiometric
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and stoichiometric samples, which was already used in
several works[14,15], and an extended Drude model for
over-stoichiometric samples [25]. The derived optical pa-
rameters are given in Table 2, and the dielectric function
and then andk indexes are compared with those found in
literature in case of stoichiometric samples[4,14].

2. Samples preparation

The zirconium nitride samples were prepared by reactive
magnetron sputtering. The target–substrates distance was
200 mm. A pure Zr disc (82.5 mm in diameter, 6 mm thick,
99.16% pure) was used as target. Polished single crystalline
Si(1 0 0) surfaces were used as substrate and ultrasonically
cleaned for 10 min successively in acetone and ethanol and
finally dried in a N2 gas jet. Prior to deposit, the system
was pumped down to a pressure of about 6× 10−8 Torr by
a cryopump and the substrates as well as the target were
sputter-cleaned for 30 min at 6× 10−3 Torr and 20 min at
9×10−3 Torr, respectively. For Zr–N deposition, the plasma
current was regulated at 800 mA in an argon gas flow of
20 sccm (4× 10−3 Torr) and the nitrogen gas flow was var-
ied from 0 to 9 sccm in order to obtain zirconium nitrides
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Table 1
Deposition parameters and composition of ZrNx films as measured by
RBS

Sample Nitrogen gas flow (sccm) N/Zr atomic ratio

S0 0 0
S2 2 0.25
S4 4 1
S5 5 1.1
S7 7 1.2
S9 9 1.38

thin films with increasing nitrogen concentrations. Substrate
temperature was fixed at 150◦C for all film depositions
except for S0 which was deposited at 35◦C. The deposi-
tion parameters are reported inTable 1 (the samples are
labeled as S[i], where i indicates the value of the nitrogen
flow).

3. Experimental results

Rutherford backscattering spectrometry (RBS)[16] was
used to determine the film composition and thickness of the
layers. The experiments were carried out using a 2 MeV
4H2+ ion beam. The backscattered spectra were analyzed
using the simulation for analysis of materials (SAM) code.
The crystal structure of the films was determined by X-ray
diffraction (XRD). XRD spectra were recorded in theθ/2θ

mode, between 2θ = 30◦ and 80◦ with a step of 0.05◦ using
monochromatic Cu K�1 radiation. Electrical resistivity was
measured using a four-probe method. Optical reflectance
spectra were recorded between 250 and 2500 nm with an
UV-Vis-NIR photospectrometer. A commercial barium sul-
fate (BaSO4) reference was used as blank reference for
reflectance spectra measurements.

30 40 50 60 70 80

 CuK
1

= 1.54056 Å

- ZrN (222)

- ZrN (311)
 - ZrN (220)

 - ZrN (200)

- ZrN (111)

In
te

ns
ity

 (a
.u

.)

2  ( degrees )

Fig. 1. X-ray diffraction pattern of the stoichiometric S4 sample.

From XRD patterns we concluded that S0 and S2 samples
crystallize in the�-Zr phase of hexagonal structure. For the
other samples, the structure is cubic of NaCl type (�-ZrN
phase) and above the stoichiometry, which is obtained at
4 sccm nitrogen gas flow, the films become more and more
amorphous, with a cell dilatation of the crystallized part due
to the incorporation of nitrogen atoms in interstitial positions
[17]. Fig. 1shows the XRD pattern of the stoichiometric S4
film. We remark a good crystallization in the�-ZrN phase
with a cell parametera = 4.584 Å.

The RBS spectra show that films with increasing ni-
trogen concentration from under- to over-stoichiometry
(Table 1) [17] were synthesized and that the stoichiometry
was reached nearly at 4 sccm N2. It is well known that the
ZrN stoichiometric compound, due to its special bonds, has
a metallic behavior[8,18–20]. From Fig. 2 which shows
the evolution of electrical resistivity of films as a function
of nitrogen flow, one remarks that sample S4 presents a
minimum of electrical resistivity (65.73�� cm) in good
agreement with its metallic behavior.

The increase of resistivity, when going from S0 to S2 sam-
ples, may be due to electron scattering by nitrogen molecules
and atoms incorporated in the Zr lattice which play the role
of impurities. The increase of resistivity beyond 4 sccm at
high nitrogen gas flow suggests the formation of an insu-
lating phase, probably amorphous Zr3N4 [21]. This is con-
firmed by the trend to amorphization which means a high
presence of defects. Also, the increase of nitrogen concen-
tration in the ZrN crystallites induces the stretching out of
the cell and an increase of the electrical resistivity[17].

Besides, these zirconium nitride samples have various col-
ors to the eye. Actually the color varies from metallic gray
for low nitrogen flows to semi-transparent brownish for high
nitrogen flows, with a golden yellow (sample S4), which is
the normal color of stoichiometric ZrN compound. This last
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Fig. 2. Evolution of the electrical resistivities of ZrNx films as a function of N2 gas flow and correlation with the optical resistivities obtained after
simulation of the reflectance spectra using the Drude or extended Drude models.

color is characterized by a minimum of reflectance (10%) in
the visible domain (at∼365 nm) and a maximum (80%) in
the infrared domain, which confirms promising use of these
films in heat mirror industry[4].

4. Optical constants determination

The optical reflectance curves, corresponding to most
samples, are given inFig. 3. To determine their optical
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Fig. 3. Reflectance curves of different ZrNx samples.

constants, we used the dielectric function given by Drude’s
model [22] for the sub-stoichiometric and stoichiometric
samples (Eq. (1)) and by an extended Drude model for the
over-stoichiometric samples in order to fit the reflectance
spectra.

The dielectric functionεr(ω) for a metal as a function of
frequencyω is given by Drude’s model:

εr(ω) = εhf

[
1 − ω′2

p

ω2 + iω/τ

]
(1)
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Fig. 4. Fit of the S4 sample reflectance spectrum using Drude’s model.

whereεhf is the high frequency dielectric constant,ω′
p the

screened plasmon frequency andτ is the electron scattering
time.

The reflectanceR for normal incidence and a semi-infinite
medium is provided by the Fresnel relation (2):

R =
∣∣∣∣1 − √

εr

1 + √
εr

∣∣∣∣
2

(2)

In Fig. 4, we present the reflectance spectra of S4 sample
with its fit curve deduced fromEqs. (1) and (2). We remark
a good agreement between both curves. We deduce, from
the fit thatω′

p = 4.62 × 1015 Hz, 1/τ = 5.61 × 1015 Hz
and εhf = 11.2. It is interesting to notice that the value
of the screened plasmon frequencyω′

p is close to the value
obtained, using also Drude’s model, by Veszelei et al.[14]

Fig. 5. Comparison between real and imaginary parts of the dielectric function for (a) sample S4 derived through Drude’s analysis and (b) those for
stoichiometric zirconium nitride CVD-coated films derived through a Kramers–Kronig analysis by Karlsson et al.[4].

for a stoichiometric ZrN compound. The real and imaginary
partsε1, ε2 of the dielectric function for sample S4 have
been derived from the optical fitted parameters (Fig. 5a) and
compared to those derived by Karlsson et al.[4] using a
Kramers–Kronig analysis (Fig. 5b). One observes a good
agreement. The refraction indexn and extinction coefficient
k derived from the dielectric function through their usual
definitionN = n+ ik = (εr)

1/2 are presented inFig. 6. They
are very similar to the results derived through ellipsometry
in Ref. [14].

In the over-stoichiometric samples, the reflectance curves
cannot be fitted with Drude’s model alone, due to the fact
that the resistance of these samples increases when the ni-
trogen concentration increases. For this reason, we assume
that the dielectric functionεr(ω) of over-stoichiometric sam-
ples is the sum of two parts. The first part, given by Drude’s
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Fig. 6. Comparison of realn and imaginaryk parts of the optical indexN = n + ik for the stoichiometric zirconium nitride sample: (a) using Drude’s
model according to Veszelei et al.[14] and (b) by fitting the reflectance curve for the stoichiometric S4 sample.

Table 2
Fitting parameters of the reflectance curves corresponding to the various ZrNx films

Sample ω′
p (1015 Hz) 1/τ (1015 Hz) εm εd ωt (1015 Hz) Structure Color

S0 9.0 6.0 10 0.0 0.0 Hexagonal Gray
S1 8.4 11.4 10.3 0.0 0.0 Hexagonal Gray
S2 5.7 6.6 12.3 0.0 0.0 Hexagonal Gray
S3 5.55 5.61 11.2 0.0 0.0 NaCl Gray
S4 4.62 1.3 10.2 0.0 0.0 NaCl Yellow
S5 3.72 1.92 2.8 7.41 0.54 NaCl+ amorphous Yellow
S7 3.1 2.4 1.3 8.0 0.6 NaCl+ amorphous Yellow
S9 3.0 2.37 0.3 8.5 1.47 NaCl+ amorphous Brownish

model, represents the metallic behavior of the crystallized
ZrNx phase and the second part, given by a semiconductor
model [23] represents the insulating behavior of the amor-
phous phase. This semiconductor model is characterized by
an energy gapEg = h̄ωt (h̄ being Planck constant over 2π

andωt a transition frequency) between valence and conduc-
tion band.

The dielectric function of the extended Drude model be-
comes

εr(ω) = εm

(
1 − ω′2

p

ω2 + iω/τ

)

+ εd

(
1 − ω′2

p

ω2 − ω2
t + iω/τ

)
(3)

Here, the plasmon frequency becomesω2
p = ω′2

p (εm + εd).
The fit is clearly improved by using this extended model,

and the fit parameters obtained in such a way appear in
Table 2.

In Fig. 2, we correlate the optical resistivity determined
for the various samples by usingEq. (4)for zero frequency
(ω = 0) (where the resistivityρ1 = 1/σ1) [24] on one hand,
and the electrical resistivity measured on the same samples

by a four-probe method on the other hand:

σ1 = εm

4π
τω′2

p (4)

The good agreement between both curves allows us to con-
clude that the formalism used to derive the optical constants
is well adapted to these compounds. Besides, it confirms that
the stoichiometric sample presents a minimum for the elec-
trical resistivity compared to the other zirconium nitrides.

5. Conclusion

Sub-stoichiometric and over-stoichiometric zirconium ni-
tride films were prepared by reactive dc magnetron sputter-
ing by varying the nitrogen gas flow from 1 to 9 sccm during
the deposition. Electrical resistivity and optical reflectance
curves as well as XRD patterns and RBS measurements
were performed on the different samples.

In order to determine the optical constants of our sev-
eral layers, an extended Drude model was used to fit the
reflectance spectrum. A good agreement was obtained be-
tween the dielectric function and the optical constantsn
and k determined for the stoichiometric sample (S4) and
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previous data given in literature. Besides, the optical resis-
tivity for the frequencyω = 0, i.e. the static optical resistiv-
ity, was derived from the optical constants and compared to
the electrical resistivity measured directly by a four-probe
method. Also, a good agreement between electrical and op-
tical resistivities could be achieved for all samples, which
confirms that the formalism used to simulate the reflectance
curves is well adapted to these compounds.
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