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Three different zirconium oxynitride films were deposited onto glass and Si (100) substrates at room tempera-
ture by pulsed reactive dc magnetron sputtering of a metallic Zr target in an Ar/O2 /N2 atmosphere. The structural,
compositional and optical properties of the deposited films were found to depend on the ratio of nitrogen partial
pressure to the total reactive gas partial pressure. Energy-dispersive X-ray spectroscopy measurements revealed
that as the nitrogen amount increased in the reactive gas the nitrogen content was found to increase in the film.
The film structure was determined by X-ray diffraction. The X-ray diffraction patterns of the analyzed samples
revealed a strong dependence of the ZrO,N, film structure on composition. A two layer model, the Bruggeman
effective medium approximation and both Drude absorption edge and Lorentz oscillators were used to describe
the surface roughness layer and the main ZnO,N, layer, respectively, was used to describe the experimental ellip-
sometric data. The optical band gap was decreased from 3.56 to 3.45 eV with changing nitrogen content, while
refractive index at 650 nm simultaneously was increased from 1.98 to 2.11.
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1. Introduction

Transition metal oxynitride thin films have recently
attracted the attention of many researchers, because of
its versatile properties [1-4]. This is because the presence
of oxygen in nitride compounds leads to unexpected and
promising functional range materials.

Cheng and Thompson [5] found another Zr-O-N phase
called 8”. Lerch et al. [6, 7] showed that oxynitrides with
a high ionic conductivity, comparable with yttria stabi-
lized cubic ZrOs, could be obtained by a high tempera-
ture reaction of ZrOy with nitrogen. These oxynitrides
of zirconium were prepared by nitridation of commercial
ZrOs powder in a graphite-heated resistance furnace in
a nitrogen atmosphere of 1 bar and temperatures higher
than 1700°C [8] and had numerous applications.

Zirconium dioxide and ZrO>;Y>03 due to their opti-
cal properties show many applications in optical com-
ponents like when high laser power is used in order to
minimize the height pulse laser damage threshold and in
this cases doping the coatings with nitrogen can improve
the refractive index and the protection [9, 10]. These
kind of coatings have a lot of other applications, such as
buffer layers for growing superconductors, oxygen sen-
sors, in situations where thermal isolation and chemical
protection (TBCs) are required, in bio-applications, etc.
[11-15].

ZrOs base coatings have been deposited by many tech-
niques but in particular physical vapour deposition (PVD
— magnetron sputtering) presents a powerful way for de-
positing thin films with high quality and good relation
of properties because of its ability to control the addi-
tion, at an atomistic level, of stabilizing materials, and
by changing the deposition parameters it is possible to
tailor the properties, which are the most important for
each application [11, 16-21].

The incorporation of nitrogen on the structure of ce-
ramics can improve the fracture toughness [22], and zir-
conium oxynitride presents also the high oxide ion con-
ductivity [23, 24].

The aim of the present work is to study the influence
of the deposition condition, such as the reactive gas mix-
ture flow on some of the properties of magnetron sput-
tered ZrO,N, thin films. In addition, the influence of
N5 incorporation on the lattice of the ZrO5 coatings is
performed in order to study the effect on the structure
and optical properties. Changes induced by the variation
of the reactive gas mixture composition on the composi-
tional and structural properties have been studied.

2. Experimental procedure

ZrO;N, films were prepared on both glass slides and
Si wafers (100) as substrates at room temperature by
pulsed dc reactive magnetron sputtering of a metallic
zirconium target in an argon, oxygen and nitrogen gas
mixtures. A metal target with 7.5 cm diameter was used
with an average power of 550 W. The target-to-substrate
distance was 10 cm. Before deposition the substrates
were chemically etched using diluted HF to remove the
native oxide layer, ultrasonically cleaned in acetone and
then dried by blowing nitrogen. Before deposition, the
chamber was evacuated to 1.3 x 10~* Pa at full pumping
speed of 1500 1/s for air. To accommodate the relatively
high pressure during sputtering, the pumping speed was
throttled to about 25% of its maximum, resulting in a
throttled base pressure of about 1.3 x 1073 Pa.

The total gas pressure during deposition process was

kept constant at 0.4 Pa as monitored by a Baratron®
capacitance manometer, by adjusting the Ar flow while
systematically varying the Og and Ny partial pressures.
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A differentially pumped gas monitor (PPM 100 by
SRS) was used to measure the partial pressures during
deposition. This gas monitor was pre-calibrated via the
readings of the Baratron.

Oxygen partial pressure (Po,) of 5 x 1072 Pa was
used to prepare ZrO,N, films. At this oxygen partial
pressure, the Zr target operated in the “poisoned” mode
(oxide layer was present). Next, the O flow was par-
tially replaced by Ny flow. The partial pressure of No
in the reactive gas mixture to the total reactive gas,
I' = Pn,/(Pn, + Po,), was adjusted to be 0.03, 0.85,
and 0.98.

Two different kinds of substrates were used to get the
best accuracy from each measurement. The glass slides
are characterized by an amorphous structure. The glass
slides were used for X-ray diffraction (XRD) because of
their amorphous structure. The Si (100) substrates are
characterized by very smooth surfaces and they do not
contain oxygen in their chemical composition. Therefore,
they were used in energy-dispersive X-ray spectroscopy
(EDAX) and ellipsometric measurements.

EDAX bulk composition measurements were per-
formed in a Philips XL 30 scanning electron microscope
at 10 kV using only internal absorption values and, there-
fore, the oxygen and nitrogen content could be higher
than that of the figures obtained. The accuracy of EDAX
in determining oxygen or nitrogen could be less than
at 4 at.%.

The structural study was carried out by XRD with a
Philips difractometer PW-170 with a Cu K, radiation
(A = 1.54056 A) and changing the 26 angle between 20°
and 80° with steps of 0.02°.

Variable angle spectroscopic ellipsometry (VASE) data
for ZnO,N,, films prepared on Si (100) were acquired us-
ing a PHE-102 variable angle spectroscopic ellipsometer
(Angstrom Advanced Inc.) in the wavelength range of
300-1500 nm. The data were acquired at angle of inci-
dences of 55°, 60° and 65°. The instrument measures
the complex ratio of the Fresnel reflection coefficients for
p- and s-polarized light and reports the ratio in terms
of the ellipsometric parameters ¢ and A defined by the
equation

F = tan(y) exp(i4A) = 7, /7s, (1)
where 7, and 75 are the amplitude reflection coefficient
for light polarized in the p- and s-plane of incidence, re-
spectively. The data obtained from the ellipsometer were
accurately modeled using the PHE-102 software package.
Ellipsometric data ¥ and A for variable wavelengths were
fitted in the optical model.

3. Results and discussion
3.1. EDAX and XRD examinations
Figure la—c depicts typical EDAX spectra recorded for
the three ZrO,N, samples for different atomic concentra-
tions of nitrogen and oxygen, as tabulated in Table. The
EDAX analysis confirms the presence of nitrogen, oxygen
and zirconium elements in the deposited films. In addi-
tion, signals from silicon and carbon elements, which pre-
sumably could appear from the silicon substrate and the
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Fig. 1. EDAX spectra of ZrO;N, films deposited at
different I" values.
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Fig. 2. XRD patterns of ZrO,N, films produced on
the glass substrates for the different I" values.

carbon contamination, respectively, as observed in the
same figure. Upon increasing the I' values, the amount
of nitrogen in the film is increased and this can be clearly
seen from the increase in the intensities of the nitrogen
characteristic peak.
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XRD measurements were performed in order to de-
termine the crystal structure of the films and to iden-
tify a possible transformation in the analyzed samples.
Figure 2a—c shows the XRD patterns of the sputtered
ZrO,N, films with I" values of 0.03, 0.85 and 0.98. For
the lower I' value of 0.03 (lower nitrogen content), the
pattern exhibits two diffraction peaks at 26 of three peaks
at 20 of 27.4°, 30.4° and 32.8°. These peaks can be in-
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dexed as zirconium oxide orthorhombic-type structure
(JCPDS card no. 83-0810). The increase of the nitro-
gen reactive gas flow rates is followed by the appearance
of two clearly distinguished diffraction peaks (around 26
of 30.3° and 35.2°), which may be assigned to the (122)
and (214) of a zirconium oxide nitride (JCPDS card no.
48-1637). Up on increasing the I" to 0.98, an amorphous
structure is observed.

TABLE
Thickness, RMS roughness and chemical composition of ZrO,N, films as a function of I" values.
Thicknes.s deter.mined RMS Refractive Band gap Chemical composition
r from simulations roughness at ' atomic [%] ZrO; N,
[nm] [nm] 650 nm Eg [eV] 7r 0 N
0.03 285.7 3.2 1.98 3.56 31.44 | 68.56 0.0 ZrOa2.18
0.85 307.8 3.9 2.05 3.49 31.18 | 60.11 8.71 Zr01.93No .28
0.98 303.1 4.1 2.11 3.45 30.98 | 51.18 | 17.84 | ZrOi.65No.58
[
3.2. Ellipsometric results and modulation 1'0__ Angle = 65°
The choice of the appropriate optical model plays a 0'5-.
major role in the evaluation of the optical constants from 0.0
the ellipsometric spectra (SE). Thus, the refractive index 05
(n) and extinction coefficient (k) of ZrO,;N,, films are ob- 1
tained by assuming a two-layer model, representing the 2':}8 e e e
film and the surface roughness layer. The complex refrac- B Calculated data
tive index of the film is described by a Lorentz oscilla- 8 0.5+ °  Measured data
tor’s model. The complex refractive index of the surface = 0.0 e CallCulBted d3ta
roughness layer is calculated by the Bruggeman effective EB’- . MSSEIIRC i
medium approximation (BEMA) assuming a mixture of ol -0.5 1 g,
the “Cauchy-material” and a fitted percentage (volume -1.0 4
fraction) of voids (air). From a Lorentz oscillator model, 104 "7 ", T
the complex dielectric function can be expressed by the 05 - Angle = 50°
following relation [25]: T
N A 0.0
J
E(hV) =€ + ; E]2 . (hV)2 o ithl/, (2) ‘05—.
where A; is the amplitude, E; — the center energy of j-th =1.0= L AL B N B
oscillator, B; — the broadening of each oscillator, h — 300 600 900 1200 1500
the photon energy in eV and e, — the dielectric function Wavelength (nm)
at infinite (contribution from the higher-frequency oscil-
lators). The four terms (e, A;, E}, and B;) are used as Fig. 3. Experimental and calculated ellipsometric

fit parameters. The centre energy of the first oscillator
is fixed at zero, for the film with I' = 0.98, to describe
free carriers based on the Drude model. The thickness
and the voids fraction of the BEMA surface layer and
the thickness of the interface layer are also selected as fit
parameters. An example for the best fit of the proposed
models compared with the measured ellipsometric data
of the films prepared at I' = 0.85 is shown in Fig. 3a—c.
It is seen that there is a good agreement between the
simulated and the experimental data. Thus, the opti-
cal constants can be adequately extracted. It is observed
that the surface roughness increases slightly with increas-
ing I' values.

and A spectra at 55°, 60°, and 65° angles of incidence.
The spectra are for the film with I" = 0.85.

The variations of refractive index, n, and extinction
coeflicient, k, as a function of wavelength for ZrO.N,
films prepared at various I' are plotted in Fig. 4 and
Fig. 5, respectively. The refractive index of the films in-
creases upon increasing nitrogen incorporation i.e. I' val-
ues. In other words the calculated refractive index values
are found to depend on oxygen and nitrogen flow. The
calculated values for the refractive index n at 650 nm for
ZrO,N, films are given in Table. The refractive index
at 650 nm of the ZrO,N, films are comparable to those
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Fig. 4. Refractive index as a function of wavelength of
ZrO;Ny films with different I" values.
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Fig. 5. Extinction coefficient as a function of wave-

length of ZrO.N, films with different I" values.

obtained by Venkataraj et al. [26] for ZrO,N,, films pre-
pared by dc reactive magnetron sputtering.

The extinction coefficient is found to increase with
increasing I' values. Over the wavelength region from
450 nm to 1500 nm the extinction coefficient, k, of the
films is very close to zero. The k values increase strongly
with wavelength for the wavelengths greater than 450 nm.
The dramatic increases in n and k values, with de-
creasing wavelength, in the shorter wavelength region
(A < 450 nm) are due to the onset of electronic tran-
sitions through the energy gap of the ZrO,N, [27].

The absorption coefficient («) was calculated using the

obtained k values from the relation
4k

= —. 3
=" 3)

The optical band gap (Eg) values is calculated accord-
ing to a direct allowed transition from the general relation
(ahv) o< (hv — E,)Y2. (4)
The Eg of ZrO,N, films values are calculated from the
intercept of the linear fit with the energy axis, as shown
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Fig. 6. Plot of (ahv)? versus photon energy hv for

transition ZrO.N, films for the different I'.

in Fig. 6. The obtained E, values are listed in Table. For
pure zirconium oxide films a band gap of approximately
3.56 eV is determined, that is nearly 66% of the calculated
value of monoclinic zirconium oxide (5.42 eV) by Kar-
lik et al. using the method of Hybertsen and Louie [28].
Also, it is lower than the value 4.96 €V reported by Zhu
et al. [29] for ZnO, films prepared by nitrogen-assisted
reactive magnetron sputtering, however is close to the
value 3.67 €V reported by Mohamed et al. for ZrO, films
prepared by reactive pulsed magnetron sputtering [30]
and to the value 3.85 eV reported by Korkmaz et al. [31]
for ZrO5 thin films deposited by thermionic vacuum arc.
This low band gap value, comparing to other published
work, may be ascribed to the different preparation con-
ditions and to the deposition stresses [32]. Upon increas-
ing I' value the band gap of the ZrO,N, films decreases
slowly down to 3.49 €V and then to 3.45 €V at I' = 0.85
and I' = 0.98, respectively. The decrease in F, is at-
tributed to the formation of well localized N 2p states
above the O 2p valence band states. Interrelation of such
energy levels in the band gap reduces the band gap and
increases the visible light absorption through a charge
transfer between a dopant and a conduction or valence
band [33].

4. Conclusions

Zirconium oxynitride films have been deposited using
reactive pulsed magnetron sputtering in No + Oo + Ar
atmosphere. The crystal structure depends on the I" val-
ues i.e. nitrogen content. The variation in band gap of
zirconium oxynitride films from 3.45 to 3.56 eV is ob-
served, which is between 64 and 66% of calculated value
of bulk ZrO, (5.42 eV) at different nitrogen partial pres-
sures. The refractive index and the extinction coefficient
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are found to increase, whereas the optical band gap de-
creases with increasing nitrogen content in the film.
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