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Abstract: A robust hydrophobic Y2O3 coating at high temperatures is important for industrial ap-
plications. In this study, Y2O3 thin films on Si substrates were prepared by reactive direct current
magnetron sputtering. By changing the deposition power, Y2O3 thin films with different microstruc-
tures were obtained in poison mode and metallic mode, respectively. In order to understand the effect
of heat treatment on the microstructure and hydrophobicity of Y2O3, the samples were annealed at
400 ◦C in the air. Compared to metallic mode, no crack was formed on the surface of the Y2O3 film
prepared in poison mode. In addition, the water contact angle on the surface of the Y2O3 thin film de-
posited in poison mode was above 90◦ before and after annealing at 400 ◦C. It has been demonstrated
that the initial high concentration of physically absorbed oxygen and its slow desorption process in a
Y2O3 thin film prepared in poison mode contributes to the hydrophobicity of the thin film at high
temperatures. These results can provide insights into the large-scale fabrication of hydrophobic Y2O3

coatings for high-temperature applications.

Keywords: Y2O3 thin film; heat treatment; wettability; reactive magnetron sputtering

1. Introduction

Yttrium oxide (Y2O3) has excellent physical and chemical properties, which mean
that it is widely used in semiconductor devices, nuclear engineering, and optical applica-
tions [1–8]. As a rare earth oxide, the contact angle of water on the Y2O3 surface can be
above 90◦, providing a hydrophobic [9–12] or even a super-hydrophobic surface due to the
special electronic structures [13,14]. Compared to hydrophobic polymers, inorganic metal
oxide hydrophobic coatings possess better mechanical durability and thermal stability [13],
which make Y2O3 a promising coating material in harsh environments.

In 2013, Azimi et al. [13] found that the unfilled 4f orbital of rare earth oxides fills
eight electrons in the outermost 5s2p6 orbital envelope, which can create a shielding effect
and make the adsorption of interfacial water molecules difficult. For thin films, depending
on the deposition process, the surface chemical environment and roughness can affect
the surface wetting properties significantly [15]. Lei et al. [9] have obtained a series of
hydrophobic Y2O3 thin films, and found that the film with the lowest water contact angle
had a lower oxygen content. Oxygen vacancies are easily formed in an oxygen-deficient
environment, and are kinetically more favorable for the attachment of OH−, thereby making
the surface more hydrophilic. Oh [12] and Zhao et al. [11] found that the water contact
angle of ALD-deposited Y2O3 thin films varies as a function of film thickness, and tends to
be stable at about 95◦ at thicknesses of tens of nanometers. In addition, the hydrophobicity
of the films remained after annealing at 500 ◦C. However, the slow deposition rate of the
ALD technique limits the fabrication of hundreds-of-nanometer- or even micrometer-thick
films for different applications.
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Reactive magnetron sputtering has been widely used to prepare Y2O3 thin films
because of its inherent advantages, including its rapid deposition rate, excellent adhesion
to various substrates, and suitability for large-scale deposition in the industry [16]. On
the other hand, the coexistence and bombardment of various energetic species, including
sputtered atoms/clusters, positive ions, electrons, and high-energy O− in the reaction
chamber, make the deposition process very complex. In addition, the high oxygen flow
makes the sputtering process prone to target poisoning [17]. Depending on the oxidation
rate and the ionization rate of the yttrium target surface, the deposition of Y2O3 can be
classified into two modes: metallic mode and poison mode. The metallic mode has a
relatively high deposition rate, while the poisoned mode has a low deposition rate due to
the formation of an oxidation layer on the metal target. Numerous studies have shown that
the microstructure, chemical composition and the related materials properties of thin films
prepared in two deposition modes can be very different [18–20].

Many studies have been carried out in order to understand and control the microstruc-
ture of Y2O3 thin films under different deposition conditions by changing the substrate
temperature, bias voltage, and oxygen flow rate, etc. Various Y2O3 structures—including
amorphous, cubic, or even metastable monoclinic phases—have been found in the films.
For example, it has been shown that a low oxygen partial pressure and reaction temperature
tend to make the film in an oxygen-deficient environment, which favors the growth of
the monoclinic phase rather than the cubic phase [9,19,21,22]. Nevertheless, Y2O3 films,
regardless of their as-deposited structure, will transform to the cubic phase at an elevated
temperature [23–26].

From the perspective of industrial engineering and applications, it is ideal to deposit
a Y2O3 thin film at room temperature and obtain the desired microstructure and wetting
properties via post-heat treatment, which is a simple processing method for industrial-scale
fabrication. In this study, we prepared two sets of Y2O3 thin films in metallic and poison
modes by changing the deposition power via direct current (DC) reactive magnetron sput-
tering. With a constant oxygen flow rate, a high deposition power can lead to deposition in
the metallic mode with a relatively high deposition rate, while the poisoning of the yttrium
target can occur due to a low deposition power, and the deposition voltage usually drops to
about 180 V. The crystal structure, morphology, chemical composition, and microstructure
of Y2O3 films were characterized. Finally, we investigated the wetting properties of thin
films before and after heat treatment.

2. Materials and Methods

The Y2O3 films were deposited on an Si (100) substrate by DC reactive magnetron
sputtering in a high vacuum chamber under a base pressure of around 3.0 × 10−4 Pa. Si
(100) substrates were cleaned with acetone, isopropanol, and deionized water for 20 min,
and were dried with high-purity N2. A metal yttrium (99.99%) target was used, which
had a diameter of 60 mm and a thickness of 5 mm. The distance between the target and
the substrates was fixed at 60 mm. Pre-sputtering was carried out for 20 min in order to
remove the surface oxide layer of the yttrium target. The ratio of the Ar/O2 gas flow rate
was fixed at 30 sccm:0.3 sccm, and the total sputtering pressure was maintained at 0.5 Pa.
The deposition powers were set as 60 and 100 W, which represent poison and metallic
modes, respectively. At 60 W, a significant drop of the deposition voltage from about 240 V
at 100 W to 170 V was observed, suggesting the onset of the poison deposition mode. Two
sets of samples with different thicknesses were prepared at room temperature, as shown in
Table 1. Post-annealing was performed for all of the samples in static air at 400 ◦C for 2 h
in order to promote crystallization with a ramping and cooling rate of 5 ◦C/min by using
a muffle furnace in static air at atmospheric pressure. All of the samples were stored in a
glove box after deposition to prevent moisture absorption from the atmosphere.
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Table 1. The information of the as-deposited Y2O3 thin films.

Sample Deposition Power (W) Thickness (nm)

1-1 100 248
1-2 100 420
1-3 100 633
1-4 100 838
1-5 100 1010
2-1 60 225
2-2 60 476
2-3 60 615
2-4 60 900
2-5 60 1015

The crystal phases of the films were measured by X-ray diffraction (XRD, Ultima
IV, Rigaku, Japan), which used a CuKα radiation source (0.154 nm). The test voltage
was 40 kV, and the samples were scanned in a 2θ range from 20 to 60◦ with a scanning
speed of 1◦/min. The surface roughness was measured by atomic force microscopy (AFM,
Dimension Icon, Bruker, Billerica, MA, USA). The tests were performed in tapping mode
with a 1 × 1 µm2 scan area for at least three different places, and the scan rate was
1.0 Hz. The surface chemical composition and valence states of the Y2O3 thin films were
characterized using an X-ray photoelectron spectrometer (XPS, K-Alpha+, Thermo Fisher
Scientific Corporation, Waltham, MA, USA) with a monochromatic AlKα as the primary
excitation source (radiation at 1486.6 eV, voltage at 15 kV, and the beam current at 15 mA).
The instrument’s vacuum was maintained at 5 × 10−7 Pa, and all of the samples were
etched using argon ions for 2 min to remove surface contamination before the XPS tests. The
survey spectra were summed over two scans, and the high-resolution spectra were summed
over five scans. All of the spectra were calibrated according to the C-C peak in the C 1s at
the binding energy of 284.8 eV. The high-resolution spectra were analyzed using XPS Peak
Fit software (version 5.948), and the fitting was performed using the Shirley background
correction and Gaussian–Lorentzian product formula curve synthesis: 70% Gaussian and
30% Lorenzian. The microstructure of the Y2O3 films was characterized using a scanning
electron microscope (SEM, Mira3, Tescan, Brno, Czechia). The surface wettability of the
Y2O3 films was measured by the Contact Angle Measuring System (OCA15EC, DataPhysics,
Filderstadt, Germany).

3. Results and Discussion

The information of the samples is listed in Table 1. Two sets of samples with a thickness
in the range from ~200 to ~1020 nm were prepared for comparison. At the power of 100 W,
the Y2O3 thin film with a thickness of more than 1000 nm fell off from the Si substrate after
deposition at room temperature, such that samples 1–5 are not further characterized in the
following. The plane view and cross-section of the as-deposited Y2O3 films are shown in
Figure 1a,b. The film has a typical columnar microstructure [27], and there is no hole or
crack present at the surface or the interface between the substrate and the film. According
to the EDS mapping results in Figure 1c–e, Y2O3 is deposited uniformly on the Si substrate,
and a sharp interface exists between the thin film and the substrate.
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to the formation of monoclinic phases. However, the films usually transfer to a stable cu-
bic phase after post-annealing [23,24], as discussed below. 

Figure 1. (a,b) are SEM images from the top and cross-section of the as-deposited Y2O3 film (sample
1-3); (c–e) are the distribution of the O, Y, and Si elements from the EDS mapping results.

3.1. The Crystalline Structure and Chemical Bonding of the Y2O3 Films

The crystalline structure and orientations of the Y2O3 films were investigated by XRD,
as shown in Figure 2. When the sputtering power is 100 W, the crystallinity of the Y2O3
film changes obviously with the increase in thickness. The as-deposited thin films show
an amorphous character at the thicknesses of 248 nm and 420 nm, respectively. There is
only a broad and flat peak at 25–33◦, as shown in Figure 2a. As the thickness increases
to 633 nm and above, the films are crystallized and have a monoclinic structure. The
highest peak at 28.7◦ is m (111), and the other peaks, including m (112), (313) and (711)
coexist, although they are very weak. For thicker films, a prolonged dense bombardment
of sputtered atoms/clusters/ions can lead to an increased substrate temperature and film
crystallinity with a longer deposition time [28]. However, when the deposition power
is decreased to 60 W, all of the films are amorphous. This is probably due to the very
slow sputtering rate in poison mode. Regarding the deposition of Y2O3 thin films at room
temperature, different structures including amorphous, monoclinic, and cubic phases have
been observed previously [2,9,29]. It has been revealed that factors including reduced
oxygen partial pressure [3], increased substrate bias [9], and sputtering power [30] can lead
to the formation of monoclinic phases. However, the films usually transfer to a stable cubic
phase after post-annealing [23,24], as discussed below.
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prepared by reactive magnetron sputtering at room temperature [19,23,31], although the 
samples were pre-sputtered using Ar. For yttrium, the Y 3d core is split into two pairs of 
peaks. The first pair is the Y-O bond of Y3d5/2 and Y3d3/2, located around 156.65 eV and 
158.7 eV, respectively; the second pair is the Y-Oδ bond of Y3d5/2 and Y3d3/2 at 157.92 eV 
and 159.96 eV, respectively [1]. A metal Y3d peak is not observed at 155.6 eV, indicating 
that no metal yttrium exists in the film [22]. 

 
Figure 3. The XPS spectra of (a) the O1s core level and (b) the Y3d core level of the as-deposited 
Y2O3 thin film (samples 1–3). 

3.2. Post-Annealing Treatment of the Film 

Figure 2. (a) The evolution of the as-deposited Y2O3 films’ XRD patterns (samples 1-1 to 1-4);
(b) comparison of the XRD patterns of samples 1-3 and 2-3.

Figure 3 shows the XPS spectra of O1s and Y3d. It can be seen that two sub-peaks
exist for O1s, which are located near 529 eV and 531.41 eV, corresponding to the O-Y bond
and Oδ (physically absorbed oxygen) [23], respectively. Oδ exists inevitably in Y2O3 films
prepared by reactive magnetron sputtering at room temperature [19,23,31], although the
samples were pre-sputtered using Ar. For yttrium, the Y 3d core is split into two pairs of
peaks. The first pair is the Y-O bond of Y3d5/2 and Y3d3/2, located around 156.65 eV and
158.7 eV, respectively; the second pair is the Y-Oδ bond of Y3d5/2 and Y3d3/2 at 157.92 eV
and 159.96 eV, respectively [1]. A metal Y3d peak is not observed at 155.6 eV, indicating
that no metal yttrium exists in the film [22].
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3.2. Post-Annealing Treatment of the Film

We further annealed the samples in static air at 400 ◦C for 2 h and examined the
microstructure evolution of the thin films. After annealing at 400 ◦C, two sets of films
transformed to the most stable cubic phase with c(222) as the preferred orientation, as
shown in Figure 4. For the 100 W Y2O3 samples, various degrees of cracks appeared on the
surfaces, as shown in Figure 5. This is probably due to the large difference in the thermal
expansion coefficient between the substrate (2.6 × 10−6/K) and Y2O3 (8.1 × 10−6/K) [18].
However, in poison deposition mode with a deposition power of 60 W, no crack was
observed for samples with a thickness in the range of 220 to 1015 nm in the present study
after being annealed at 400 ◦C in Figure 6. Similar phenomena have been observed for
a reactive sputtered Y2O3 thin film on P92 steel [18], in which the thin film with a cubic
phase cracked but the one with a monoclinic structure maintained thin-film integrity after
annealing at 600 ◦C. This has been attributed to the formation of a porous monoclinic
structure, which allows for stress relaxation during heat treatment. However, the films with
a monoclinic phase deposited at 100 W in the present study cracked after heat treatment. A
careful comparison of the experimental details suggests that the uncracked thin films in the
present study and the literature [18] were all prepared in poison mode with a relatively high
O2 flow rate or low sputtering power, while the cracked ones were sputtered in metallic
mode with no regard for what crystalline structures the films had. This is consistent with
the result in ref [24], in which the Y2O3 film sputtered from a Y2O3 compound target
could sustain up to 900 ◦C without cracking. In reactive sputtering, sputtering from a
Y2O3 compound target or a poisoned target (a thin Y2O3 capping layer formed on the
Y surface) typically results in a much slower deposition rate than that for a metallic Y
target. In addition, it has been found that the amounts of high-energy-negative ions (O−)
produced in poison mode are several orders of magnitude higher than those in metallic
mode [32], which can result in more defects in the as-deposited films. The highly disordered
structure must play a significant role in allowing stress redistribution [33,34] during heat
treatment-induced recrystallization and the inhibition of crack formation.
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3.3. The Wetting Properties of the Y2O3 Film

Figure 7 illustrates the wetting properties of the Y2O3 thin films; all of the as-deposited
films at the two sputtering powers are hydrophobic, with water contact angles above
90◦, except for the 60 W sample with a thickness of 1015 nm (88.12 ± 2.20◦). The water
contact angle of samples deposited at 100 W increases with the thickness, and its maximum
is 106.23 ± 6.93◦, while there is no significant difference for 60 W samples of different
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thicknesses. After annealing at 400 ◦C, only the 60 W samples were measured, as all of the
100 W samples cracked. In general, the water contact angles remained ≥90◦, indicating
robust hydrophobicity.
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Figure 7. The water contact angles of Y2O3 films for (a) as-deposited samples 1-1 to 1-4 and 2-1 to 2-5,
and (b) samples 2-1 to 2-5 after annealing at 400 ◦C.

In order to understand the post-annealing effect on the evolution of Y2O3 thin-film
wetting properties, we further heat-treated sample 2-2 (60 W, 475 nm) at a higher temper-
ature of 800 ◦C. The film was very robust, without cracks even when annealed at 800 ◦C
for 2 h. As shown in Figure 8a, the water contact angle increased to 104 ± 4.55◦ at 400 ◦C
but decreased to 85 ± 4.63◦. Because the wettability property of a solid surface can be
affected by the surface morphology and chemical composition of the thin films, we further
compared the evolution of the surface roughness and surface chemistry of sample 2-2
before and after heat treatment, as shown in Figure 8a. The surface roughness remains
~3 nm, even though the thin film becomes crystalline after annealing. However, the XPS
spectra are quite different. The intensity of the low binding energy component of O1s
remains unchanged, which represents the Y-O bond; however, the intensity of the Oδ

component as indicated by the red arrow in Figure 8b, which decreases and moves towards
a lower binding energy after heat treatment, suggesting the desorption of the Oδ from
the thin film. It is well known that the oxygen concentration has a significant effect on
the wettability of yttrium oxide [10,13,35]. The initial O/Y in the film is as high as 2.05.
The high oxygen content can increase the electron density of yttrium cores, and leads
to a repulsive interaction between the yttrium metals and the oxygen in the water [10].
Previous results found that the desorption of Oδ occurs at a temperature of 260 ◦C for Y2O3
powders [23]. However, the desorption of Oδ in a Y2O3 thin film is more complex and
slower, which is a surface-related process and can be affected by several factors, including
the initial oxygen content, annealing temperature, and film thickness, etc. At 400 ◦C, the
phase transformation (amorphous to cubic) and the columnar structure limit the channel
of oxygen desorption. As shown in Figure 8b, the Oδ sub-peak of the Y2O3 thin film after
heat treatment at 400 ◦C is just slightly lower than that of the as-deposited one. During
desorption, the internal species continue diffusing from inside to the surface, resulting in
a high oxygen concentration on the film surface. Therefore, the hydrophobicity of Y2O3
is sustained after annealing at 400 ◦C. However, at 800 ◦C, the much faster desorption of
Oδ—as indicated by the small Oδ sub-peak in Figure 8b—leads to a reduction of the water
contact angle on the Y2O3 surface.
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4. Conclusions

In summary, Y2O3 films were fabricated on an Si wafer by reactive DC magnetron
sputtering, and the effects of heat treatment on the Y2O3 thin-film microstructure and
wettability properties were studied. Two sets of samples with different thicknesses were
prepared in metallic mode and poison mode by varying the deposition power. The films
deposited in metallic mode have amorphous or monoclinic structures, and all of the samples
with different thicknesses become cracked after annealing at 400 ◦C in air. However, the
thin films deposited in poison mode are amorphous, and transform to the most stable
cubic phase after heat treatment. All of the films have water contact angles above 90◦ in
an as-deposited state. Moreover, the Y2O3 thin films prepared in poison mode remained
hydrophobic even after being exposed to high temperatures. Further XPS analysis results
suggests that the physically absorbed oxygen in the poisoned mode has an important effect
on the film hydrophobicity. All of these results can provide guides for industry engineering
and the optimization of hydrophobic Y2O3 protective coatings.
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