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Abstract

In order to understand the growth behavior of yttrium oxide films driven by thermodynamics and kinetics, two fundamental growth parameters,
substrate heating and biasing, were investigated to control film structure and properties comprehensively. We observed two distinct areas, normal
deposition area (area 1) and abnormal deposition area (etching area, area 2) at different substrate bias voltages regardless of the substrate
temperature. X-ray diffraction (XRD) results show that heating promotes cubic phase formation, whereas ion bombardment induces monoclinic
phase growth. Atomic force microscopy (AFM) measurements exhibit that the ions slightly enlarge the surface islands in area 1, whereas they
flatten and smoothen the surface in area 2. X-ray photoelectron spectroscopy (XPS) results demonstrate that high temperature suppresses the
physisorbed oxygen, and the ion bombardment favorably selects oxygen etching in area 1, causing excess oxygen vacancies. This selectivity
almost disappears in area 2. Furthermore, the refractive index and band gap can be enhanced by both substrate temperature and bias voltage. The

surface wettability of films can be modulated by the surface chemical composition.

© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Yttrium oxide, both a rare-earth oxide and a transition oxide, is a
theoretically interesting and technologically useful material.
Numerous studies have reported that yttrium oxide films can be
used in a wide variety of scientific and engineering applications
due to their natural properties. They include high crystallographic
stability (up to 2325 °C) [1,2], superior mechanical strength [3],
high permittivity (~ 14—18) [4,5], high refractive index (~2) [6,7],
wide band gap (~5.8 eV) [8], low lattice mismatch with silicon
(cubic phase) [9] and graphene (hexagonal phase) [10], well-
known host matrix for rare-earth ions [11,12], and a component of
several complex materials [13,14].
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Similar to other rare-earth oxides, yttrium oxide has several
crystallographic structures [2]. Among these crystal structures,
cubic one is the most stable phase in atmospheric temperature
and pressure, while other phases need much harsher condi-
tions, i.e. high temperature and high pressure [15]. Thus,
compared with other phases, cubic yttrium oxide can be easily
obtained under common conditions.

Up to now, yttrium oxide films have been prepared by
various methods, including molecular beam epitaxy (MBE)
[16,17], pulsed laser deposition (PLD) [8,18], sputtering
[7,19,20], electron beam deposition [21] etc. Most reports
synthesized the cubic phase, while just a few papers reported
the successful formation of other phases of yttrium oxide films.
Taking monoclinic phase as an example, monoclinic yttrium
oxide can be only obtained by certain conditions. Studies have
shown that monoclinic yttrium oxide films have been prepared
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by Chang et al. by MBE [16], by Lacroix through ion beam
deposition [20] and by Gaboriaud with ion irradiation [22].
Similar results have also been observed for erbium oxide
[23,24]. Indeed, monoclinic phase is a thermodynamically
metastable phase, whose formation deviates from equilibrium.
Recently, understanding and controlling the formation of cubic
and/or monoclinic phases of yttrium oxide film have been the
critical issues for its research and application.

Naturally, the microstructure and properties of as-deposited films
can be governed by a competition process between thermody-
namics and kinetics [25], which directly links to the heating and
ion bombardment. These two approaches can influence the film
growth processes through different ways and accordingly deter-
mine the final structures and properties. Although numerous studies
have been conducted to understand the growth and properties of
yttrium oxide films, the controllable phase formation and properties
of yttrium oxide films under the combined substrate temperature
and bias voltage are still not clear. Furthermore, it requires large
work to explore the growth phase diagram and the desirable
properties of yttrium oxide films under the favorable conditions for
further application.

In this paper, based on above background, several groups of
yttrium oxide films were prepared by magnetron sputtering
under the designed conditions. The controllable growth beha-
vior of yttrium oxide films under different substrate tempera-
tures and bias voltages was investigated. Furthermore, the
evolution of deposition rate, microstructure, optical and
wettable properties was studied and discussed.

2. Experimental details
2.1. Film growth

A series of yttrium oxide films were grown on p-type silicon
wafers (1 x 1 cm?) by radio frequency magnetron sputtering. Metal
yttrium target with the purity of 99.999% was used as the target.
Argon (99.995% purity) and oxygen gas (99.995% purity) were
employed as background and reactive gas respectively. The
distance between the substrate and target was 70 mm. Before the
deposition, the substrates were cleaned with alcohol and acetone in
an ultrasonic bath for around 30 min. During deposition, three
groups of samples were prepared under three different substrate
temperatures (25 °C (RT), 200 °C and 600 °C). For each group,
the substrate bias voltage varied from 0V to |—320 VI. For all
samples, sputtering power of 130 W and work pressure of 1.0 Pa
were employed. The deposition time was two hours for all the
samples to study the microstructure, morphology, chemical
composition, optical constant and wettability properties. Another
special group of about 500 nm yttrium oxide films was deposited
on the quartz substrate for UV transmittance and optical band gap.

2.2. Film characterization

The crystalline structure of the films was determined by
glancing incident X-ray diffraction (GIXRD, Philips X'pert)
with Cu Ka source (40 kV, 30 mA). The surface composition
was detected by X-ray photoelectron spectroscopy (XPS,

Thermo ESCALAB 250) using a monochromatized Al Ko
source with a step size of 0.1 eV. No argon sputtering for XPS
measurement was to avoid the surface damage by ions
interaction and to keep the initial fingerprint. The binding
energy of the XPS spectra was calibrated using the Cls
binding energy (~284.6 eV) of adventitious carbon. Atomic
force microscope (AFM, Bruker dimension icon) was used to
measure the surface morphology in contact mode at atmo-
spheric temperature and pressure. Spectroscopic Ellipsometer
(SE) was employed to investigate the optical properties in the
range of 380-800 nm at the incident angle of 70°. The
ultraviolet—visible spectrophotometer was used to measure
the transmittance spectra of films on quartz in the range of
190-1000 nm. As for the evaluation of film wettability, the
contact angles on yttrium oxide surface were measured by
using a dataphysics OCA20 with a 4 pl water and glycol.

3. Results and discussion
3.1. Film deposition rate

The deposition thickness under different growth conditions was
measured by SE; the results are shown in Fig. 1. It is clear that
there are two obvious areas, the large thickness (~ 130 nm) in area
1, and the small thickness (below 30 nm) in area 2. In this work,
heating seems to play a small role in film deposition thickness,
whereas ion bombardment induced by substrate bias voltage gives
a great contribution to the reduced thickness. The film surface
suffers from slight ion bombardment in area 1, which has small
influence on thickness. Whereas, when the negative voltage
increases up to |—240 VI, ions with high energy bombard the
surface. In this case, the etching effect becomes dominant,
removing surface adatoms and resulting in the smaller thickness
compared with that in area 1. Etching plays a great role in area 2,
which is consistent with the extended structure model proposed by
Anders [26].
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Fig. 1. The deposition thickness of films under different bias voltages and
temperatures for 2 h.
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Fig. 2. GIXRD patterns of yttrium oxide films at (a) RT, (b) 200 °C and
(c) 600 °C as the variation of substrate bias voltage is from 0 to —320 V.
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3.2. Crystal structure

The XRD patterns of Y,O3 films under different growth
conditions are shown in Fig. 2. Both substrate temperature and
bias voltage have great influence on the microstructures. Without
bias voltage, the films show single cubic phase (ICDD file no. 00-
041-1105). At low temperature, in Fig. 2(a) and (b), the films
have preferential cubic (111) peak with large full width at half-
maximum (FWHM). At high temperature (600 °C), films exhibit
the sharp cubic (111) peak as shown in Fig. 2(c). As the biased
voltage gradually increases (around | — 80 VI), besides cubic (222)
peak, films show the mixture of cubic and monoclinic phases
(ICDD file no. 00-044-0399) at both low and high substrate
temperatures. The weak monoclinic (202) and (003) peaks as well
as cubic phase peaks are observed. When the bias voltage
increases to |—160 VI, low and high temperatures demonstrate
the different behaviors. The films exhibit very strong monoclinic
(003) and (002) peaks mixed with weak cubic (111) peak at low
temperature in Fig. 2(a) and (b). Nevertheless, the sharp and
strong cubic (111) peak with several weak monoclinic (003) and
(002) peaks is observed in Fig. 2(c) at high temperature. When
biased voltage exceeds | — 240 VI, the peaks become very weak at
both low and high substrate temperatures due to the etching
effects [20,27].

Cubic phase can be easily formed at RT without bias voltage,
meaning the thermodynamically stable phase. With the increase of
temperature and bias voltage, films exhibit the smaller FWHM.
Both heating and ion bombardment can improve the crystallinity.

Ion bombardment

-320v

Fig. 3. AFM 3D images of yttrium oxide films at different substrate temperatures and biased voltages.
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Heating can provide the adatom energy to enlarge the grains and
annihilate defects. Through this way, the films prefer to form cubic
phase and larger grains at high temperature. In contrast, ion
bombardment promotes the adatoms' diffusion and causes disloca-
tion by strong ions collision. These defects damage the symmetry
of cubic and nucleate the monoclinic phase growth, which is also
observed and reported by Gaboriaud et al. [28]. Consequently, it is
reasonable to observe the dominated monoclinic phase at low
temperature and cubic phase at high temperature when large biased
voltage was applied on the substrate.

3.3. Surface morphology

AFM was employed to characterize the film surface at different
growth conditions. It is clear that ion bombardment and substrate
temperature have combined effects on the surface morphology
evolution in Fig. 3. Although the films show different island sizes
at different temperatures, without ion bombardment, the films
have many uniform and sharp islands on the surface. As the
biased voltage increases to |—160 VI, the number of island
decreases and several islands become large. This case is
extremely obvious at 600 °C. When the biased voltage reaches
[—320 VI, the surface can be distinctively damaged by ion
bombardment at low and high temperatures. At low temperature
(RT), there exist several large islands on film surface, while the
islands become more and more small and the surface is much
smoother as the substrate temperature increases. Until 600 °C, the
film surface is super-smooth and flat. Fig. 4 shows the roughness
of films under the different growth conditions. Although the
roughness values are floating at different substrate temperatures,
the effects of ions bombardment are very clear for samples at
three different temperatures. In area 1, with slight ion bombard-
ment, the roughness value is slightly larger due to the high
crystallinity [7]; whereas in area 2, as the bias voltage increases,
the roughness reduces dramatically to ~0.7 nm at RT and to the
lowest value (~0.3 nm) at 200 °C and 600 °C, which is similar
to the previous reports [29,30], corresponding well with the AFM
images as shown in Fig. 3. Therefore, ion bombardment with
high energy could make the surface very flat and smooth,
especially at high substrate temperature.
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Fig. 4. The variation of surface roughness of films at 25 °C, 200 °C and
600 °C as a function of biased voltage.
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3.4. Chemical composition

Fig. 5 shows the XPS spectra of Ols and Y3d of films at
different growth conditions. The Ols spectra of the films at RT and
at different substrate biased voltages are shown in Fig. 5(a). It is
clear to observe the doublet peaks for all the films, which locate at
529 +0.1 eV and 531.4 + 0.2 eV. They can be deconvoluted into
two single peaks (Fig. 5(e)) corresponding to the O-Y [31] and O
(physisorbed O or OH) [7,32]. All Ols peaks exhibit the same
feature. The Y3d spectra of the films at RT display the doublet
peaks with the disproportionate profiles (Fig. 5(b)). Considering the
spin-splitting effects, the Y3d can be deconvoluted into two pair
peaks shown in Fig. 5(f). The first pair is located at 156.3 + 0.2 eV
and 158.3 +0.2 eV, corresponding to Y3ds, and Y3ds, of Y-O
bond respectively; the second one at 158+02eV and
160 £0.2eV is from the Y3ds, and Y3d;», of Y-OH bond
respectively [31]. The analysis for Y3d is consistent with that of
Ols. At 600 °C, the Ols and Y3d show the similar features to
those from films at RT.

The element composition was also quantified using relative
sensitivity factors. The O/Y ratios are shown in Fig. 6(a) and (b)
at 25 °C and 600 °C respectively. As shown in Fig. 6(a), the O/
Y ratio without bias voltage is larger than the stoichiometry
(1.5) at RT. As biased voltage increases to |—160 VI, the ratio
decreases monotonously to 1.27. Then, with a continual increase
in the voltage, the O/Y ratio approaches to the stoichiometry. As
for the O/Y ratio of films at 600 °C in Fig. 6(b), however, the
ratio of film without bias voltage has a lower value (~1.3,
below stoichiometry). When the bias voltage increases, the
similar trend can be observed: first decreases and then increases
close to the stoichiometry. Fig. 6(c) and (d) demonstrates the
O-Y/O; ratios at 25 °C and 600 °C respectively. At both low
and high temperatures, the O-Y/Os ratio shows the similar
behavior as a function of biased voltage: it first increases to
~1.25 at |—160 VI and then decreases to ~0.8 at | —320 VI.

At low temperature (25 °C) and high temperature (600 °C).
In this work, low temperature means 25 °C, high temperature
means 600 °C. In area 1, as the voltage increases, the ions have
a preferential etching effect for Os. Thus, the O/Y ratio
decreases and the O-Y/Oy; increases. The preferred elimination
of elements was also observed in TiO, films [33,34]. In
contrast, in area 2, the ions have high energy, all the elements
including O-Y and O can be removed by strong energetic ion
bombardment, resulting in the ratio close to the stoichiometry.
Therefore, low temperature promotes the physisorbed oxygen
on the film surface, while this phenomenon can be suppressed
at high temperature. In area 1, the ion bombardment prefers to
eliminate the Os due to the lower energy, while all the
elements can be removed in area 2.

3.5. The schematic diagram

Fig. 7 shows the schematic diagram for the growth of yttrium
oxide film under ions interaction at low and high temperatures.
Without negative bias voltage, adatoms have low diffusion ability
at low temperature; the condensed films always have small grains
and pores at grain boundaries as shown in Fig. 7(a), which is
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Fig. 5. XPS core level spectra of (a) Ols and (b) Y3d of films under different bias voltages at RT; (c) Ols and (d) Y3d of films under different bias voltages at
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Fig. 6. The variation of O/Y ratio of films at (a) 25 °C and (b) 600 °C; the variation of O-Y/Oj ratio of films at (c) 25 °C and (d) 600 °C as a function of biased
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corresponding to zone I [35]. Whereas this case is absent at high
temperature, the porosity can be filled by diffused atoms due to
high mobility of adatoms (Fig. 7(d)). When negative ions are
applied, ions will arrive at the substrate and bombard the film
surface. At |—160 VI, the ions with high energy bombard the
surface. One part of energy is delivered to the adatoms to increase
the diffusion ability, and another part of energy causes a
displacement cascade in the films, resulting in disordered atoms
and vacancies in the film as shown in Fig. 7(b). The high
temperature could relieve the damage through annihilation between
interstitial atoms and vacancies. Thus, the films exhibit fewer
defects at higher temperature than those at low temperature
(Fig. 7(e)). The disordered oxygen vacancies are the origin of
the monoclinic phase formation [28]. By increasing the voltage up
to 1—320 VI, the energy is large enough to damage the surface
morphology, meanwhile strongly energetic ion bombardment can
remove all the elements from the surface. There still are many
defects even at high temperature shown in Fig. 7(c) and (f).
Generally, the thermal and kinetic factors play the competitive role
in film growth. High temperature promotes the cubic nucleation
and growth, while the ion bombardment tends to be the growth of
defected monoclinic phase.

3.6. Optical properties

Optical properties were determined by SE. Three-layer
model (Si substrate/SiO,/Y,05; Cauchy) was built to fit the
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measured data in Fig. 8(a), and good fitting results are obtained
as shown in Fig. 8(b). Because there exists etching effect and
the low deposition rate in area 2, thus we only consider the
optical properties of films in area 1.

The refractive indices at 550 nm of yttrium oxide films under
different conditions are shown in Fig. 8(c). At point A (25 °C and
no bias voltage), the film has the lowest refractive index (~ 1.87).
There are three enhancing ways: temperature-driven way, bias
voltage driven-way, and mixture of them. Through the way of
temperature, the refractive index increases from point A to point B
(~1.93). Combined with bias voltage driven way, the refractive
index can be enhanced further to point C (~1.96). It seems that
the bias voltage can give a stronger force than the role of
temperature plays. Through the only voltage driven force at low
temperature, the refractive index can be directly enhanced to the
highest value (from point A to point C).

The enhanced mechanism can be explained distinctly under
different temperatures and bias voltages. The refractive index
is known to be dependent on the packing density. At point A,
the film has more pore and holes and consequently has the
small packing density. Since at low temperature and without
bias voltage the adatoms form the holes due to the self-
shadowing effects as shown in Fig. 7(a). The films can obtain
high crystallinity through the way of heating and bias voltage,
resulting in higher refractive indices. However, heating and
bias voltage can induce different phases. Heating prefers to
promote the cubic phase; while the ion bombardment induces
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Fig. 7. The schematic diagram of films under different substrate temperatures and biased voltages.
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the monoclinic phase formation in Fig. 7(b) and (e). From
point A to B, the larger cubic grains play the main role in the n
enhancement. Whereas from point B to C, the phase transfor-
mation from cubic to monoclinic phase is the main reason due
to the larger packing density of monoclinic one (calculated
density of 5.95 g/cm®) than that of cubic one (calculated
density of 5.03 g/em®). From point A goes to C, both the
grain size and the crystallographic phase contribute the highest
n value. Therefore, the films display the different n values
under different growth conditions.

Refractive index n is linked to the relative porosity
compared with that of bulk one. The volume fraction of
porosity p can be extracted from the formula with the film
refractive index ny and the bulk one n,, [36]:

p=1—(n;—1)/(n;—1) (1)

The calculated porosity is shown in Fig. 8(d), the porosity of film
follows the reverse tendency with the variation of » value at different
conditions since high refractive value corresponds to low porosity.

Yttrium oxide films (~500nm) were grown on quartz
substrate for optical transmittance measurement. Fig. 9(a) and
(b) shows the UV—-visible transmittance of yttrium oxide films on
quartz as a function of bias voltage and temperature. The
transmittance of bare quartz is as high as 90%, while the films
on quartz reduce the transmittance due to the increased reflectiv-
ity. All the films show the similar transmittance spectra with
different wave lines, which is determined by the refractive index
and thickness of both the film and substrate based on optical
interference theory. Note that the absorption edge shifts to the

shorter wavelength, called blue-shift phenomenon, as the tem-
perature and bias voltage increases. Using the film thickness ¢ and
transmittance 7, the absorption coefficient o of films can be
derived from the following expression:

a=—(1/H)InT (2)

The optical band gap E, can be estimated from the following
formula using the Tauc plot:

ahv =A(hv—Eg)2 (3)

The band gap E, can be extracted from the extrapolation of
the straight line portion to the energy axis at a=0. As shown
in Fig. 9(c) and (d), the band gap increases with temperature
and bias voltage from 5.77eV to 6.0eV and 5.95eV
respectively. The blueshift of band gap with the increase of
temperature and bias voltage can be attributed to the increase
of crystallinity [37]. Film at low temperature and no bias
voltage could almost form amorphous state and very small
grains, and numerous defects exist in grain boundary. These
defects are able to capture electrons and holes to form the
presence of unoccupied states, which is located within the
forbidden area, causing the shrinkage of the band gap. When
the temperature and bias voltage were applied, adatoms could
move to the most suitable location, relieving defects to some
extent. The more blue-shift (6.0 eV) is obtained under high
temperature than that of bias voltage (5.95 eV), which can be
associated with the more oxygen vacancies in monoclinic
phase as electron and hole traps [38].
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3.7. Wettability

wettability, the contact angle of water and glycol on the
surface was measured as shown in Fig. 10. In this work, all the

The surface properties can be modified by substrate tem-
perature and bias voltage. In order to determine the surface

samples are found to be hydrophobic for water and hydrophilic
for glycol, which is consistent with the previous report [39].
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Generally, the wettability of a solid surface can be controlled
by a combination of the surface chemical characteristics and
morphology. The effects of roughness can be explained by
Wenzel's equation [40]. If the contact angle on a smooth
surface is lower than 90°, larger roughness will reduce the
contact angle, but if it is higher than 90°, larger roughness will
further increase the contact angle. At RT and no applied bias
voltage, the contact angle of water on the film surface is as
high as ~108°. With the increase of bias voltage, the angle
decreases to the minimum value of 102°, then it returns to the
starting point. Interestingly, we observed the similar trend for
glycol liquid regardless of the high and low temperature. The
small difference between 0 V and | —320 VI indicates that the
influence of surface roughness can be ruled out. The lowest
value of contact angle may be due to the low O/Y ratio (see
Fig. 6(a) and (b)), meaning defect density (oxygen vacancy).
These defect sites are more kinetically favorable for the
attachment of hydroxyl group, rendering the surface energeti-
cally unstable whereby the surface becomes more hydrophilic.
This phenomenon has also been observed in zinc oxide
[41,42]. Therefore, small contact angle on the oxygen-
deficient surface at |—160 VI can be observed. The surface
wettability is beneficial for the further in/organic-device
design.

4. Conclusion

Three groups of yttrium oxide films under RT, 200 °C and
600 °C and different substrate bias voltages (from OV to |—
320 VI) were prepared to understand the yttrium oxide film
growth driven by thermodynamics and kinetics and to study
the physical properties in detail. There exist two distinct areas,
normal deposition area (area 1) and etching area (area 2).
Heating promotes cubic phase formation, whereas ion bom-
bardment induces the monoclinic phase pregnancy. The ions
slightly enlarge the surface roughness in area 1, whereas they
flatten and smoothen the surface in area 2. High temperature
suppresses the physisorbed oxygen on the surface, and the
preferred oxygen etching is observed in area 1, whereas the
selectivity disappears in area 2. The film growth mechanism
was proposed. The optical property can be largely enhanced by
ion bombardment at low and high temperatures due to the
large grains and the monoclinic phase formation. The blueshift
of band gap with the high temperature and bias voltage was
attributed to the relief of defects. Films with the deficient
oxygen composition surface have small contact angles of water
and glycol. These results will provide more insights for thin
film engineering.
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