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ZrON/Si(100) layer structure formation has been produced by oxidation/nitridation of sputtered Zr metal in
N2O/Ar ambient at 500–900 1C. Micromorphology and structural properties of the ﬁlms have been evaluated
by scanning electron microscopy, atomic force microscopy, and reﬂection high-energy electron diffraction.
Dispersive optical properties of the ZrON/Si reﬂection system have been studied with spectroscopic
ellipsometry. A drastic increase of SiO2-based interface layer thickness has been found at 700–900 1C.
& 2013 Elsevier B.V. All rights reserved.
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1. Introduction
The scaling of electronic devices based on such key semiconductor materials as Si, Ge, GaN, and SiC requires the reduction of gate
dielectric thickness and a search for new dielectric materials with
high permittivity and low leakage current [1–3]. Many high dielectric
constant (k) oxides have been proposed and evaluated during recent
years and ZrO2-based compounds are considered among the most
promising materials for the nearest future generation nodes [1–10].
Commonly, ZrO2 is widely used in modern technology because of its
excellent chemical stability, high mechanical and thermal properties,
high refractive index, and wide optical transparency range [1,2,11–
15]. Thin ﬁlms of ZrO2 oxide in amorphous and crystalline states can
be deposited by different methods and microstructural and optical
properties of the ﬁlms are strongly dependent on real defect
structure, including oxygen vacancies. Recently, the interesting
technology of zirconium oxynitride formation by direct chemical
oxidation/nitridation of Zr metal ﬁlms in N2O gas ﬂow at high
temperature has been developed [16–18]. The interface layer formation with an intermediate chemical composition was found in ZrON/
Si and ZrON/4  H-SiC systems by depth-proﬁling X-ray photoelectron
spectroscopy (XPS) analysis. As it was shown, the interface layer in
the ZrON/Si system contains the dominant part of nitrogen introduced by oxidation/nitridation process [16]. The present study is
aimed at the complex evaluation of microstructural and optical
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properties of the ZrON/Si ﬁlm system to reveal the parameters of
the interface layer in detail. For this purpose, the high-quality ZrON/
Si ﬁlms were grown onto Si(100) substrates at different reaction
temperatures.

2. Experimental
The n-type Si(100) substrates with resistivity 1–10 Ω cm were
cleaned by a standard Radio Corporation of America (RCA) cleaning
method and treated with a diluted HF solution (1 HF:50  H2O) for 15 s
to remove the native oxide from the surface prior to Zr metal
sputtering. Edwards Auto 500 radio frequency (RF) sputtering system
was used to deposit an ultrathin 5-nm Zr metal thin ﬁlm on the
cleaned Si substrates using an Alfa Aesar Zr metal target with the
purity of 99.5%. The RF power, working pressure, inert Ar gas ﬂow and
deposition rate were regulated to be at the level of 170 W,
1.2  10−7 Torr, 20 cm3/min, and 0.2 nm/s, respectively. The oxidation/nitridation of Zr metal layer was performed after the deposition.
The Zr/Si samples were placed into a horizontal tube furnace and
heated up from room temperature to a set of temperatures (500, 700
and 900 1C) in an Ar ﬂow ambient and the heating rate was constant
at 10 1C/min. Once the set temperature was reached, N2O gas was then
purged in with a ﬂow rate of 150 mL/min for 15 min to form the ZrON/
Si layer. Then, the samples were eventually taken out at room
temperature after the furnace had been cooled down to room
temperature in an Ar ambient.
Thin ﬁlm surface micromorphology was examined by a ﬁeldemission scanning electron microscope (FESEM) (Zeiss Supra 35VP).
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The surface topography and roughness of the ZrON/Si thin ﬁlm
surfaces were analyzed by an atomic force microscope (AFM)
(NanoNavi SPI3800N) using a non-contact mode. The AFM was
equipped with a Si3N4 cantilever, and the AFM topographies were
recorded on a 1  1 μm2 scanned area. The top-surface crystallographic properties were evaluated with reﬂection high-energy
electron diffraction (RHEED) using an EFZ4 device under electron
energy 50 keV.
Dispersive refractive index n(λ) and extinction coefﬁcient k(λ)
were determined by means of spectroscopic ellipsometry (SE).
Ellipsometric angles Ψ and Δ were measured as a function of λ in
the spectral range of λ∼250–1030 nm using an ELLIPS-1771 SA
ellipsometer [19]. The instrumental spectral resolution was 2 nm,
and the recording time of the spectrum did not exceed 20 s. The SE
measurements were produced at three angles of incidence of light
beam on the sample of 501, 601 and 701. The four-zone measurement method was used with subsequent averaging over all the
four zones. Ellipsometric parameters Ψ and Δ are related to the
complex Fresnel reﬂection coefﬁcients by the equation
Rp
tgψ e ¼
Rs
iΔ
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Fig. 1. Typical FESEM micrograph of a ZrON/Si ﬁlm prepared at 700 1C.

ð1Þ

where Rp and Rs are the coefﬁcients for p- and s-polarized lightwaves. To calculate the dependencies of refractive index n(λ) and
extinction coefﬁcient k(λ) on optical wavelength λ, the experimental data were processed using the two-layer model of (air)–
(homogeneous isotropic ZrON layer)–(homogeneous isotropic
interface layer)–(homogeneous isotropic Si substrate). The optical
parameters of interface ﬁlm were taken as related to SiO2 oxide
[20]. Thus, over the whole spectral range, the spectral dependences of polarization angles were ﬁtted for m points of the
spectrum by minimization of the error function
s2 ¼

1 m
∑ ½ðΔexp −Δcalc Þ2 þ ðψexp −ψcalc Þ2 
m i¼1

ð2Þ

Dispersion functions n(λ) and k(λ) were approximated by
Cauchy's polynomials [21,22]:
nðλÞ ¼ a þ

b
c
e
f
þ ; kðλÞ ¼ d þ 2 þ 4
λ2 λ4
λ
λ

ð3Þ

where a, b, c, d, e and f are constants, which are speciﬁc to the
material.

Fig. 2. The RMS value of investigated samples as a function of oxidation/nitridation
temperature. The inset shows three-dimensional AFM topography of the sample
treated at 700 1C.

3. Results and discussion
A typical FESEM image of the ZrON/Si ﬁlm is shown in Fig. 1.
FESEM surface inspection using low (100  ) to high (10k  )
magniﬁcation did not reveal any observable defects, such as a
crack or a void on all ZrON thin ﬁlms grown at different
temperatures. This indicates that the produced ﬁlm is smooth
and uniform. There is no noticeable variation of the top surface
micromorphology on oxidation/nitridation temperature change
and FESEM images recorded for the samples made at 500 and
900 1C are shown in Figs. 1S and 2S. The RMS surface roughness of
all the investigated samples is shown in Fig. 2, and the inset
demonstrates a typical three-dimensional surface topography of
the sample oxidized/nitrided at 700 1C. Here, the scanned area is
1  1 μm2. The RMS surface roughness evidently increases from
0.49 to 1.12 nm as the reaction temperature increases from 500 1C
to 900 1C. The increment of RMS roughness is related to activation
of atom ordering and grain formation process at higher temperatures. Previously, initial stages of crystallization in the ﬁlm bulk
(ZrO2) were detected by X-ray diffraction (XRD) analysis in the
ZrON/Si ﬁlm treated in N2O at 700 1C for 5–20 min [16]. Nevertheless, the top-surface of the ﬁlm remains to be amorphous for
the temperature range of 500–900 1C as it is veriﬁed by RHEED

observation in the present study. As an example, the RHEED
patterns recorded from the Si(100) substrate and ZrON ﬁlm are
shown in Fig. 3S. Kikuchi-line pattern is evident for the initial Si
substrate, and only amorphous halo is recorded from ZrON surface.
The ellipsometric parameters Ψ(λ) and Δ(λ) measured at φ¼ 701
and calculated are shown in Fig. 4S for the samples treated at 500,
700 and 900 1C. The related curves obtained at φ ¼50 and 601 were
also analyzed, but are not shown here to save space. The experimental results measured from the ﬁlm formed at 500 1C can be
well approximated by the model curves at the zero interface layer
thickness. For the ﬁlms formed at 700 and 900 1C, introduction of
the interface layer between the ZrON layer and Si substrate is
inevitably necessary to solve the inverse ellipsometric problem. It
should be pointed out that formation of the interface layer at
700 1C dominated by silicon oxide was previously detected by XPS
depth proﬁling [16]. The results of optical parameters simulation
of the reﬂection layer systems using Cauchy's relations are shown
in Table 1. It is evident that the interface layer thickness increases
swiftly with the oxidation/nitridation temperature increase. Comparatively, the thickness of ZrON layer is nearly the same at all
synthesis temperatures and is governed by the initial Zr metal
thickness. At 500 1C, the oxidation of zirconium seems to be
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Table 1
Thickness values and Cauchy parameters obtained from the ZrON/SiO2/Si(100)
layer systems prepared at different temperatures.
Synthesis
temperature
(1С)

Thickness
SiO2 (nm)

500
700
900

–
6.8
33.8

Thickness
ZrON (nm)

Cauchy parameters of ZrON
a

18.02
23.06
21.91

b  10−4 c  10−9 s

1.811 4.716
1.948 −0.441
1,937 −0,167

−1.904
1.435
1.108

5.5
7.5
13.7
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Fig. 3. Dispersive refractive index n(λ) in ZrON/Si thin ﬁlms prepared at different
temperatures.
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4. Conclusions
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oxidation/nitridation of metal Zr in the N2O/Ar ambient are
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comparatively low. The stabilization of high refractive index of
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but this is accompanied by SiO2-based interface layer formation
due to oxidation of the substrate material. This thermal effect is of
great importance in the selection of technological conditions of
complementary metal-oxide-semiconductor (CMOS) structures
because the presence of SiO2 interface layer generates the equivalent oxide thickness (EOT) value increase [31]. Thus, optimal
electronic parameters of ZrON/Si structures should be found over
the oxidation/nitridation temperature range of 500–600 1C.
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