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We report here the surface behavior of zirconium oxide deposited on Si(100) substrate depending on the different
substrate temperatures. The zirconium oxide thin films were successfully deposited on the Si(100) surfaces applying
radio-frequency (RF) magnetron sputtering process. The obtained zirconium oxide films were characterized by X-ray
photoelectron spectroscopy (XPS) for study about the chemical environment of the elements, X-ray diffraction (XRD)
for check the crystallinity of the films, spectroscopic ellipsometry (SE) technique for measuring the thickness of the
films, and the morphology of the films were investigated by atomic force microscope (AFM). We found that the oxidation states of zirconium were changed from zirconium suboxides (ZrOx,y, x,y < 2) (x; higher and y; lower oxidation state
of zirconium) to zirconia (ZrO2), and the surface was smoothed as the substrate temperature increased.
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Introduction
Zirconium oxide is one of the technologically important materials characterized by a high melting point, ionic conductivity,
optical properties, good thermal insulating characteristics, high
hardness, large resistance against oxidation, high refractive
index, and broad region of low absorption from the near-UV to
1,2
the mid-IR. The combination of these properties is attractive
for wide range of applications which include laser mirrors, broad
3,4
band interference filters, and ionic conductors. Also, zirco5
6
nium oxide thin film may be used as fuel cells, memory device,
7
8
9
heat-resistant materials, optical filters, and sensors.
Advantages of zirconia such as its thermal stability with Si
substrate and its high dielectric constant make it one of the most
promising gate dielectric candidates for SiO2. Unfortunately,
10
they suffer from mobility degradation, fixed charge issues. Furthermore, they will crystallize at relatively low temperature,
10-12
leading to the formation of grain boundaries.
Zirconium oxide thin films have been widely deposited by
various deposition techniques including electron-beam deposi13
14
9
tion, chemical vapor deposition (CVD), reactive sputtering,
15
radio frequency, direct current reactive magnetron sputtering,
16
and ion beam sputtering deposition. Most of zirconium oxide
17
films were prepared by reactive sputtering using metal target.
Some zirconia films were deposited by radio frequency (RF)
18
sputtering with a zirconia ceramic target.
In the present work, zirconium oxide thin films were deposited on p-type Si(100) wafer by RF plasma sputtering from
metallic zirconium target in Ar/O2 plasma gas which is mixed
with same volume ratio. The resulted films were obtained at
different substrate temperatures.
Experimental Section
Deposition of zirconium oxide. Zirconium oxide films were
deposited on p-type Si(100) wafer substrates by reactive RF

magnetron sputtering from a metallic zirconium target with a
diameter of 50 mm and a thickness of 3 mm. The Si substrates
with native oxide were carefully cleaned by known cleaning
3
process before introducing it into the sputtering chamber. The
deposition chamber was evacuated using a roughing pump (RP)
-7
and a turbo molecular pump (TMP) to 1.0 × 10 Torr of base pressure range. The mixed sputtering gas, Ar (99.99% purity) and
O2 (99.99% purity), was introduced into the deposition chamber
separately and controlled by standard mass flow controllers. The
zirconium target was cleaned by pre-sputtering with an RF power (13.56 MHz) of 20 W for 1 hr with mixed sputter gas while
the substrate was shielded in order to remove the surface contaminants on the zirconium target and stabilize the plasma.
In the present work, sputter deposition was performed at different substrate temperatures with the same RF power of 20 W
for 3 hr. The pressure of the sputtering chamber during the RF
sputtering process was kept at 45 mTorr as measured by a convectron gauge. During the sputtering, the total gases (Ar : O2,
1 : 1 volume ratio) flowing flux was kept at 20 sccm. The zirconium oxide films were deposited at different substrate temperatures i.e. room temperature, 373, 473, 573, and 623 K.
Morphology and thickness of the films. The crystal structure
of the zirconium oxide thin films deposited on Si(100) wafer
was determined by X-ray diffraction (XRD) using a PHILIPS
(Netheland) X’Pert-MPD system applying a grazing mode. The
used X-ray source was Cu Kα radiation. The scanning angle,
o
o
o
2θ, was varied from 10 to 80 with a detection step of 0.02 .
19
The JCPDS international diffraction data base has been used
to indentify the crystalline phase.
The surface morphology of zirconium oxide film was investigated using an atomic force microscopy (AFM), a Veeco Multimode Digital Instruments Nanoscope IIIα system, in contact
mode. The surface roughness was measured as root mean square
(RMS) value over the area of 1 µm × 1 µm.
The thickness of the zirconium oxide thin films was deduced
by spectroscopic ellipsometry (Gaertner L2W830) (SE). The SE
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Figure 1. The XRD patterns of the zirconium oxide thin films deposited on Si(100) with different substrate temperatures in Ar/O2 plasma
ambient. The numbers in the legend box represent substrate temperatures.
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elsewhere.20,21
The monochromated Al Kα X-ray source was created at a
power of 247.5 W. The survey XP spectra were collected in a
concentric hemispherical analyzer (CHA) in constant analyzer
energy (CAE) mode with pass energy of 50 eV, a dwell time of
50 ms, and an energy step size of 0.5 eV. The binding energy (BE)
scale was calibrated by using the peak of adventitious carbon
setting it to 284.6 eV.22 High resolution spectra were obtained at
pass energy of 20 eV, an energy step size of 0.05 eV, and other
factors were kept the same as those applied in the survey scan.
Results and Discussion
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measurements were performed at incident angles of 70 and a
wavelength of 6328 nm. The index of refraction used for zirconium oxide was 2.17 for fitting.
Chemical analysis of the films using XPS. The chemical
environment of zirconium oxide thin films was analyzed by
XPS (VG ESCALAB 2000), using a monochromatic Al Kα
X-ray source (1486.6 eV). The base pressure in the analysis
chamber was maintained at about 1 × 10-10 Torr applying with
two sets of pumping system and the details were described
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Figure 2. AFM images (1 µm × 1 µm) of zirconium oxide thin films on
Si(100) with; (a) deposition at room temperature (293 K), (b) deposition and substrate heating at 623 K. Note the scale bars of y-direction:
30 nm/div. for (a) Zr/Si-293 K and 5 nm/div. for (b) Zr/Si-623 K.

Physical analysis of zirconium oxide thin films. The crystallized structures of the zirconium oxide thin films deposited in
various substrate temperatures are shown in Figure 1. It has
been reported that zirconia exists in three different crystalline
phases. The monoclinic phase is stable up to 1443 K, a tetragonal
phase is reported between 1443 and 2643 K, and a cubic phase
23,24
The XRD measureexists up to the melting point, 3133 K.
ments reveal that the monoclinic phase has formed without any
phase mixing. The diffraction peaks were assigned according
19
to standard JCPDS patterns for zirconia (ZrO2) lattice. Before
the Si substrate was heated, the zirconium oxide films showed
a very weak diffraction peak for monoclinic ZrO2(-111) and
ZrO2(100). When the Si substrate was heated over 573 K, there
is an increase in the intensity of ZrO2(202) peak for monoclinic
phase. The temperatures applied in this experiment were well
below the phase transition temperatures of monoclinic and tetragonal phases of ZrO2. Only the monoclinic phase of zirconia
was observed from the films as expected.
Figure 2 shows the representative AFM images of zirconium
oxide thin films deposited on Si(100) at different substrate temperatures taken in contact mode. Figure 2 (a) shows the surface
morphology of thin films deposited at room temperature. The
roughness of the film was 2.42 nm of RMS. Figure 2 (b) shows
the zirconium oxide thin films deposited at 623 K of the substrate
temperature and its RMS roughness was 0.23 nm. As the substrate temperature increased, the RMS values are decreased
significantly and formed a more regular films surface. Obviously the surface morphology of the film deposited at 623 K is
smoother than that of deposited at room temperature. This result
could make certain that the roughness of the zirconium oxide
thin films decreased by increasing substrate temperature. With
increasing the substrate temperature the RMS values decreased,
which implies that the substrate temperature has effects on the
25
surface roughness.
The thickness of zirconium oxide thin films formed at different substrate temperatures deduced by SE technique is shown
in Figure 3. The thicknesses of these films were relatively constant about of 85 nm. But, there was a slight decrease in zirconium oxide thin films thickness with the increase of substrate
temperature. It may be due to the increased packing density of
the surface atoms at high substrate temperature. At high temperature, the deposited atoms have higher mobility and settle
down at the thermodynamically stable site and forms monoclinic
ZrO2(202) phase. This result is consistent with the results of
XRD experiment.
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Figure 3. Thickness of zirconium oxide thin films as a function of substrate temperatures.
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Figure 4. The survey XPS of zirconium oxide on Si(100) before and
after zirconium oxide deposition with different substrate temperatures.
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Figure 5. (a) stacked XP spectra of the Zr 3d5/2 and 3d3/2 of zirconium
oxide thin films on Si(100) with increased substrate temperature. Deconvoluted XP spectra of the Zr 3d at the silicon substrate temperature of 293 K (b) and 623 K (c). The Zr 3d spectrum was decomposed
three oxidation states; zirconia (ZrO2), zirconium with higher (ZrOx)
and lower oxidation states (ZrOy). The dots represent raw data, smooth
lines overlapped with the dots represent reconstructed data of deconvoluted Zr 3d components.
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X-ray photoelectron spectroscopy. Figure 4 shows the survey
XP spectra of zirconium oxide thin films on Si(100) wafer in
the binding energy range of 0 ~ 1300 eV. The bottom spectrum
was taken from pure silicon wafer. Before zirconium deposition,
the Si peaks were detected at 150.5 and 99.5 eV assigned for
26,27
After zirconium oxide deposiSi 2s and Si 2p, respectively.
tion at different substrate temperatures, the XP spectra showed
zirconium features that Zr 3s (432.4 eV), Zr 3d (182.0, 184.4 eV),
28,29
The C 1s peak of
Zr 3p (346, 322 eV), and Zr 4p (30.8 eV).
adventitious carbon presented at 284.6 eV for all films inclu22
ding bare Si wafer. Auger peaks for O (KLL) and C (KLL) were
30
also detected at high binding energy region. The peak intensity
of Zr 3d was increased with increasing substrate temperature
during zirconium oxide deposition. Also, the peak intensity of
O 1s was increased as well. It is clear that zirconium oxide films
were coated on the silicon substrate.
The Zr 3d core level XP spectra are shown in Figure 5 (a).
Before the Si substrate was heated (293 K), doublet peaks were
observed corresponding to Zr 3d5/2 and Zr 3d3/2 centered at
181.9 eV and 184.3 eV, respectively. The doublet peaks were
separated by 2.4 eV, the magnitude of spin-orbit splitting constant of Zr 3d. After the substrate heated to 623 K, the binding
energies for Zr 3d5/2 and 3d3/2 were shifted to higher energy
region about 0.2 eV to 182.1 and 184.5 eV from the peaks ob28
tained zirconium oxide films formed at 293 K. The peak shift
to higher binding energy implies that the oxidation state of zirconium is increased. It may be due to the higher portion of zirconia
(ZrO2) than that of zirconium oxides (ZrOx,y, x,y < 2, higher and
lower oxidation states) as the substrate temperature increased.
This could be explained by considering complete oxidation of
zirconium with lower oxidation state to zirconia in its +4 oxidation state.27,29,31
To get more chemical information, peak deconvoultion process was performed. The representative deconvoluted high resolution XP spectra of the Zr 3d at 293 and 623 K are shown
in Figures 5 (b) and (c), respectively. The Zr 3d spectra can be
curve-fitted with three peaks: zirconia (ZrO2), zirconium oxides
with higher (ZrOx: 0 < x < 2), and lower oxidation state (ZrOy:
32
0 < y < 2, x > y). The Zr 3d5/2 of zirconia is centered at 182.1 eV,
the Zr 3d5/2 with higher oxidation state is centered at 182 eV,
and the Zr 3d5/2 with lower oxidation state is centered at 181.5 eV.
As increased substrate temperature, the portion of zirconium
oxide species with higher and lower oxidation state (ZrOx,y) were
decreased and that of zirconia (ZrO2) species was increased.
According to these results, we could confirmed that the higher
substrate temperature caused more zirconia formation than zirconium oxides (ZrOx,y) formation in the deposited thin films.
The diffusion of oxygen through the zirconium oxide films was
enhanced under high deposition temperature and formed fully
oxidized zirconium species (zirconia), as zirconium oxide films
have been previously reported to be an oxygen ion conductor
33
and have high oxygen diffusivity.
The representative O 1s XP spectra of zirconium oxide thin
films on silicon substrate at different substrate temperatures were
stacked in Figure 6 (a). Before zirconium oxide deposited on the
silicon wafer, the O 1s peak of silicon dioxide (O-Si) strongly
26
appeared at 531.7 eV. After zirconium oxide deposited on
Si(100), the O 1s peak of zirconium oxides (ZrOx,y and ZrO2)
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Table 1. Average binding energy (BE) and full width at half maximum (FWHM) values applied in the deconvolution process; Zr 3d and
O 1s components, as resolved from the measured Zr 3d and O 1s XPS
spectra of zirconium oxide thin films on Si(100) substrate.
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Figure 6. (a) O 1s region XP spectra of the zirconium oxide thin films
on Si(100) with different substrate heating temperatures. The silicon
dioxide (SiO2) peak was centered at 531.7 eV, and the zirconium oxides
(O-Zr) was assigned at 529.6 eV. Deconvoluted XP spectra of the O 1s
at the silicon substrate temperature was 293 K (b) and 623 K (c). The
O 1s spectra were deconvoluted four oxidation states; zirconia (ZrO2),
higher and lower oxidation states (ZrOx,y), surface oxygen (O-surf),
silicon dioxide (O-Si). The bottom solid lines are subtracted background by Shirley mode.
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Figure 7. The relative peak area ratios of the Zr 3d (a) and O 1s (b) of
the zirconium oxide thin films on Si(100) as a function of substrate
temperatures.

peaks increased at 529.6 eV34 while that of O-Si decreased significantly. As increasing the substrate temperature, O 1s peak
intensity was seemingly increased and this will be discussed
later. Comparison with Figure 5 (a), the peak position of O 1s

Component
Zr 3d components
Lower oxidation state (ZrOy)
Higher oxidation state (ZrOx)
Zirconia (ZrO2)

BE (eV)

FWHM (eV)

181.55 ± 0.17 1.08 ± 0.08
182.00 ± 0.15 1.20 ± 0.10
182.15 ± 0.13 1.17 ± 0.09

O 1s components
Zirconia (ZrO2)
529.54 ± 0.19
Higher and lower oxidation state (ZrOx,y) 530.00 ± 0.06
Surface oxygen (O-surf)
531.70 ± 0.12
Silicon dioxide (O-Si)
532.41 ± 0.06

1.37 ± 0.01
1.62 ± 0.03
1.42 ± 0.01
1.39 ± 0.02

shifted to higher binding energy about 0.2 eV. The shift of
peaks Zr 3d and O 1s signifies that those oxidation states were
changed. For the heating the Si substrate during zirconium oxide
thin films deposition may cause partial bonding of zirconium
atoms with the oxygen. The peak deconvolution was performed
to get detail information and shown in Figures 6 (b) and (c).
The representative high resolution XP spectra of the O 1s
region at 293 and 623 K are shown in Figures 6 (b) and (c),
respectively. The O 1s spectra were decomposed with four peaks
after the deconvoulution process; zirconium oxide (ZrO2), higher and lower oxidation states of zirconium (ZrOx,y), surface
oxygen (O-surf), and silicon dioxide (O-Si). The O 1s peak of
silicon dioxide (SiO2) is centered at 532.4 eV, surface oxygen is
centered at 531.7 eV, higher and lower oxidation state (ZrOx,y)
is centered at 530 eV, and zirconia (ZrO2) is centered at 529.5 eV.
The best fitting parameters used in the deconvolution processes
are given in Table 1. The zirconium with higher and lower oxidation state was altered to the zirconia by increasing substrate
temperature. The oxidation state of zirconium was changed
and the zirconium oxide was stabilized on silicon substrate by
increasing substrate temperature.
The integrated area ratios of Zr 3d and O 1s in different chemical environments with different substrate temperatures are
shown Figures 7 (a) and (b), respectively. This showed zirconium oxides in higher and lower oxidation states (denoted as
ZrOx and ZrOy, respectively) changed to the zirconia (ZrO2) as
increasing substrate temperature. This consequence was well
consistent with the XP spectra of Zr 3d and O 1s.
Figure 8 shows the valence band region XP spectra of zirconium oxide thin films coated on Si(100). The silicon substrate
valence band spectra were dominated mainly by the Si 3s and
Si 3p orbitals extending approximately 7 eV and from 4.5 to
1.5 eV, respectively.35 When the zirconium oxide deposited on
silicon substrate, the valence band spectra were observed at
36,37
This valence band could be assigned to
around 4.5 to 7 eV.
surface zirconium oxide which was overlapped with Zr 4d
21,38
(6.7 eV) and O 2p (5 eV) orbitals.
The valence band maximum (VBM) values with different
substrate temperatures are shown in Table 2. In each of the
spectra, the VBM was determined by extrapolating the segment
after applying linear least squares method. It is considered to the
data obtained in this way, as increasing the substrate temperature
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shows the roughness decreased by increasing the substrate temperature. The surface of thickness was comparative constant
obtained by SE.
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Figure 8. Valence band spectra for deposited zirconium oxide thin
films on Si(100) with increased substrate temperature. The solid
lines are extrapolating lines applying the least square method and the
intersection of the solid lines represents the valence band maximum.

Table 2. The valence band maximum (VBM) according to the silicon
substrate temperature
Substrate Temperature (K)

VBM (eV)

293
373
473
573
623

2.280
2.513
2.098
2.680
2.724

was increasing the valence band maximum. At the substrate
temperature of 473 K, however, the VBM was decreased. This
result was supported by XPS result explained it previously XP
spectra of the Zr 3d and O 1s was indicated that peaks was
shifted to lower binding energy substrate temperature at 473
K. This result shows that Zr-Si interface signal was appeared
39
to lower binding energy. It could be estimated that thickness of
zirconium oxide thin film was comparative thinner than others.
Conclusions
Zirconium oxide thin films were deposited on p-type Si(100)
with different substrate temperature in Ar/O2 (1:1) plasma mixture applying radio frequency (RF) magnetron sputtering process. The zirconium oxide thin films surfaces were characterized
by X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), Atomic Force Microscopy (AFM), and spectroscopic
ellipsometry (SE) techniques.
The XPS confirmed that the change ZrOx, ZrOy (zirconium
with higher and lower oxidation states) to ZrO2 with increasing
the substrate temperature. The XRD indicates the zirconium
oxide forms a monoclinic crystal at 578 K. The AFM image
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