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Zirconium oxide thin films deposited on the p-type Si(100) substrates by radio-frequency (RF) reactive magnetron 
sputtering with different plasma gas ratios have been studied by using spectroscopic ellipsometry (SE), atomic force 
microscopy (AFM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). The deposition of the 
films was monitored by the oxygen gas ratio which has been increased from 0 to 80%. We found that the thickness 
and roughness of the zirconium oxide thin films are relatively constant. The XRD revealed that the deposited thin 
films have polycrystalline phases, Zr(101) and monoclinic ZrO2 (131). The XPS result showed that the oxidation 
states of zirconium suboxides were changed to zirconia form with increasing O2 gas ratio.
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Table 1. The deposition parameters for RF sputtered zirconium oxide
thin films

Target Zirconium
Substrate p-Si(100) wafer
Sputtering pressure ~ 6.07 Pa
Base pressure < 6.67 × 10‒5 Pa
Forward power 20 W
Reflected power < 4 W
Substrate temperature Room temperature
Pre-sputtering time 1 hr
Sputtering time 3 hr

Introduction

Zirconium oxide thin films are of interest on account of their 
excellent properties such as large resistance against oxidation, 
low thermal conductivity, high dielectric constant, and high re-
fractive index. This material has been employed as many appli-
cations, which include catalysts,1 optical filter,2 and resistive 
oxygen gas sensor.3 In addition, ZrO2 thin films have been consi-
dered to replace SiO2 due to their high k dielectric property in 
the metal-oxide-semiconductor transistor.4 These applications 
have led to various techniques to synthesize zirconium oxide 
thin films including direct current reactive magnetron sputter-
ing,5,6 chemical vapor deposition,7,8 sol-gel techniques,2,9 pulsed 
ion beam evaporation,10 liquid phase deposition,11 and filtered 
cathodic vacuum arc.12 Radio frequency (RF) reactive magne-
tron sputtering is a widely used technique which is affected by 
several deposition conditions, such as the RF power, mixing 
ratio of plasma gas, and substrate temperature etc. Ma et al.13 
have produced zirconium oxide thin films by RF reactive sput-
tering at different argon-oxygen atmosphere. They investigated 
the dielectric characteristics of the ZrO2 film. Gao group14 studi-
ed the influence of the O2 gas concentration on the optical pro-
perties, residual stress, and microstructure of the ZrO2 thin films. 
However, the chemical properties of the RF sputtered zirconium 
oxide thin films have been seldom reported. We studied the 
effects of the O2 ratio in the sputtering gas on the thickness, 
structure, and roughness of the deposited zirconium oxide thin 
films and oxidation state of elements in the films.

In the present work, we report the synthesis of zirconium 
oxide thin films by RF magnetron sputtering and the results of 
investigation into how the oxygen mixing ratio in the range of 
0 ~ 80% affects physical and chemical properties of the zir-
conium oxide thin films. The chemical environment of the thin 
films was studied by means of X-ray photoelectron spectroscopy 
(XPS). Structural analysis of the zirconium oxide thin films was 
performed by atomic force microscopy (AFM) and X-ray dif-
fraction (XRD) techniques. The thickness of film was investigat-
ed by spectroscopic ellipsometry (SE).

Experimental Section

Zirconium oxide thin films were deposited on p-type Si (100) 
wafer at room temperature using reactive RF (13.56 MHz) mag-
netron sputtering method in various oxygen mixing ratios. A 
zirconium target with a diameter of 50 mm was used for thin film 
deposition. The Si substrate was mounted on the sample holder 
located 58 mm from the target. The chamber was pumped down 
below 6.67 × 10‒5 Pa of base pressure, and the working pressure 
was kept constant about 6.07 Pa. The argon and oxygen gases 
with purity of 99.999% fed into the vacuum chamber by standard 
mass flow controllers separately. The total flow rate was kept 
constant at 20 sccm, the oxygen mixing ratio in this work is cal-
culated by the O2 flow rate divided by the total gas (Ar + O2) 
flow rate, and the values were varied between from 0 to 80%. 
The deposition conditions applied in this study are summarized 
in Table 1.

The thickness of the zirconium oxide films was measured 
with the spectroscopic ellipsometry (SE) method. The morpho-
logy of the zirconium oxide thin films were checked with atomic 
force microscope (AFM, Veeco Multimode Digital Instruments 
Nanoscope IIIα system). The roughness of the films was mea-
sured as root mean square (rms) values. The XRD (PHILIPS 
(Netheland), X'Pert-MPD System) experiment was performed 
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Figure 1. The thickness of the zirconium oxide thin films with different
percentage of O2 in the sputter gas.
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Figure 2. Representative AFM images of zirconium oxide on Si(100)
substrate with different oxygen gas ratios: (a) 0%; (b) 20%; (c) 50%; 
(d) 80%.

for phase identification in glancing mode. Chemical property of 
the zirconium oxide films was studied with X-ray photoelectron 
spectroscopy (XPS, THERMO VG SCIENTFIC (UK), Multi-
Lab2000), applying a monochromated Al Kα X-ray source 
(1486.6 eV). The survey XP spectra were obtained with a con-
centric hemispherical analyzer (CHA) in constant analyzer en-
ergy (CAE) mode with a pass energy of 50 eV and an energy 
step size of 0.5 eV. High resolution XP spectra of Zr 3d and O 
1s were obtained at a pass energy of 20 eV, an energy step size 
of 0.05 eV. The XP spectra of Zr 3d and O 1s were deconvoluted 
with XPSPEAK software (ver 4.1) in G/L ratio of 30% for the 
specific information of the oxidation states of the both elements 
and the ratios on the zirconium oxide films.

Results and Discussion

The thicknesses of deposited zirconium oxide thin films by 
RF magnetron sputtering were measured by spectroscopic ellip-
someter as shown in Figure 1. This result is consistent with the 
previous investigation by Anderle’s group that the deposition 
rate is affected by sputtering mixture ratio.15 In the plasma gas 
used to deposit zirconium oxide thin film, the argon ions are 
acted to sputter the zirconium particles from the target and the 
oxygen ions are acted as reactive species to form oxide. The 
sputtering yield is decreased, as the percentage of the oxygen 
gas is increased, especially this effect is severe when the oxygen 
concentration is above 73%.13 Therefore the thickness of zir-
conium oxide thin films is decreased with increasing O2 concen-
tration in the mixed sputter gas in general. The thickness of the 
zirconium oxide thin films at the 20% of O2 gas was larger than 
other samples deposited in oxygen atmosphere. It could be caus-
ed by the loosely packed structure of the thin films.14

The microstructure and morphology of zirconium oxide thin 
films were investigated by AFM. Figure 2 gives AFM images 
of the zirconium oxide thin films in three-dimensional form with 
an area of 1 × 1 µm2. The morphologies of zirconium oxide thin 
films changed with increasing O2 ratio in the sputter gas. The 
grain size increased as the oxygen ratio increased. The rms (root 
mean square) roughness values, estimated from topographical 
images (not shown), are (a) 2.650, (b) 3.723, (c) 2.369, and (d) 
2.897 nm, respectively. When we compare the roughness of thin 
films made in 50 and 80% oxygen ratios, more granular zir-
conium oxide formed on the surface at 50% O2 than at 80% O2 
shown in Figures 2 (c) and (d). This continuous granular grain 
lowers the roughness of the film. The role of sputter gas ratio was 
not significant on the roughness of thin film. However, at the 
20% of O2 gas ratio, the surface roughness was larger than that 
of others. This may due to low packing density at 20% of oxygen 
gas ratio, and this phenomenon is reported that random pack-
ing structure can be observed in the samples which have a rough 
surface.13,14

X-ray diffraction patterns of zirconium oxide thin films are 
shown in Figure 3. The notation of the samples is presented by 
O2-percentage. The crystalline ZrO2 generally can form mono-
clinic (m), tetragonal, cubic, or orthorhombic phase depending 
on the substrate temperature.16 The stable crystal structure is mo-
noclinic phase zirconia at room temperature. In this study, two 
peaks were observed at about 38.5o and 58.5o of two theta, which 

correspond to (101) planes of α-Zr single crystal17 and m-ZrO2 

(131), respectively.18 The zirconium oxide thin films prepared 
by RF magnetron sputtering were polycrystalline phases, those 
were Zr single crystal and monoclinic zirconia. The relative in-
tensity of m-ZrO2(131) is stronger than that of Zr(101) except 
when the O2 gas was zero. The dominant phase in the range 
above 20% of O2 gas concentration was the m-ZrO2(131). No 
remarkable change of intensity of Zr(101) peak were observed 
varying the O2 gas concentration. On the other hand, the cry-
stallization of m-ZrO2(131) was dependent on the O2 con-
centration. As the concentration of O2 increased, monoclinic 
ZrO2(131) phase was increased while crystalline metallic Zr 
was saturated at zero O2 concentration.19 The crystal sizes cal-
culated by Scherrer equation from m-ZrO2(131) peak were in 
the rage of 50 nm. Therefore, the oxygen ratio in the sputter gas 
was an important role for formation of zirconium oxide thin film.
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Figure 3. The XRD patterns of the zirconium oxide thin films on Si 
(100). The notation of the thin films is represented by O2-percentage.
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Figure 4. (a) Zr 3d and (b) O 1s XP spectra of zirconium oxide thin films
prepared at different O2 concentration.
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Figure 5. Deconvoluted XP spectra of Zr 3d: O2-80 (a), O2-50 (b), and
O2-0 (c) and O 1s: O2-80 (d), O2-50 (e), and O2-0 (f).

Figures 4 (a) and (b) show the representative high resolution 
XP spectra of Zr 3d and O 1s region of deposited zirconium oxi-
de thin films with various O2 gas concentrations. Two peaks of 
Zr 3d spectra correspond to the Zr 3d5/2 and Zr 3d3/2 with the spin- 
orbit splitting of 2.4 eV.20 The doublet Zr 3d peaks of deposited 
zirconium oxide thin films were observed at 181.2 and 183.6 
eV caused by bonding with oxygen.21 In Figure 4 (b), the O 1s 
peak for O-Si (531.7 eV) of zirconium oxide thin film coated 
on Si was dramatically decreased while that for O-Zr (529.6 eV) 
was increased. And this was supported by XRD experiment 
shown in Figure 3. The comparison in FWHM (full width half 
maximum) of Zr 3d peaks and O 1s with different O2 gas concen-
tration suggests that more than two oxidation states are existed. 
The Zr 3d and O 1s spectra are deconvoluted in order to under-
stand further the chemical environment of zirconium oxide film 
and the effect of oxygen concentrations on the chemical envi-
ronment of the zirconia thin films.

Figure 5 shows representative deconvoluted spectra of Zr 3d 
and O 1s regions. The dotted line represents raw data obtained 

from XPS and the solid line overlapped with dotted line is the 
reconstructed data from the sum of individual peaks. In our 
study, three components are assigned in the Zr 3d XP spectra. 
The formation of zirconium oxide was observed at the binding 
energy of 181.96 eV for Zr 3d5/2 which is very close to that of 
Zr4+ in ZrO2.22 And the higher and lower oxidation states of 
zirconium suboxides (ZrOx,y x,y < 2 and x > y)23 were observed 
at 181.27 and 180.72 eV, respectively. The ZrO2 species was 
observed even at 0% oxygen sputter gas ratio. This oxide may 
be formed with the residual oxygen species (O2, H2O) inside the 
sputtering chamber. The ZrO2 peak intensity is increased by 
compensating from higher oxidation state (ZrOx) to zirconia 
as the O2 concentrations increased. Figures 5 (d)-(f) represent 
the deconvoluted spectra of O 1s. The O 1s fitting was performed 
with four oxygen components, the dominant peak consists of 
two components which are ZrO2 at 529.24 eV and zirconium 
suboxide (ZrOx,y) at 529.84 eV.22 The tail of the spectra contains 
chemisorbed OH groups (surf-O) and the oxygen bonded with 
Si(100) substrate (Si-O) at 531.4322 and 532.63 eV, respectively. 
The surface oxygen, which does not interact with zirconium, 
seems independent on the O2 concentration. On the other hand, 
the intensities of zirconium suboxides were decreased and that 
of ZrO2 was increased which is in good agreement with the 
data from deconvolution peaks of Zr 3d spectra.

The relative amounts of different zirconium and oxygen 
species in the films were calculated with their peak areas con-
sidering atomic sensitivity factors to obtain more information 
shown in Figures 6 (a) and (b), respectively. The ratios of Zr 
and O species are quite different depending on the percentage 
of O2 in the sputter gas as mentioned previously. The higher oxi-
dation states of zirconium oxide (ZrOx) was decreased from 72.5 
to 55.6% with increasing O2 concentration and the zirconia form 
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Figure 6. The relative ratios of (a) Zr species and (b) O species of dif-
ferent percentage of O2 in sputter gas.

was increased from 9.3 to 34% and the ratio of the lower oxida-
tion states (ZrOy) at 80% of O2 in sputter gas was 7% less than 
that of 0% of O2 concentration. This implies that the higher oxi-
dation state is easier to change zirconia form and has also been 
found in the study of the effect of different substrate tempera-
tures on the zirconium oxide thin films.22 It could be explained 
by that the higher oxidation state needs less energies to trans-
form into more stable zirconia state in monoclinic structure. 
Note that the ratios of oxygen species showed the same trend 
with Zr species.

Conclusions

Zirconium oxide thin films were deposited on the p-type 
Si(100) substrates by radio-frequency (RF) reactive magnetron 
sputtering with different plasma gas ratios. The monoclinic zir-
conium oxide thin film coexisted with Zr single crystal was 
obtained with mixed sputter gas, Ar and O2. The XP spectra 
showed that zirconium suboxide was oxidized to the zirconia 

as increasing O2 concentration. And the thickness of deposited 
thin film was in the range of 30 ~ 40 nm with varying O2 concen-
tration. The surface roughness of the zirconium oxide thin films 
was relatively constant with the O2 gas ratio.
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