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Nd,Os film is a functional film with great potential application value. In this paper, thinNd,O3 film was prepared
on the surface of Si substrates using RF magnetron reactive sputtering. Nd,O3 film with different crystal
structures were controlled by changing the deposition temperature. The results show that the Nd,O3 film with a
cubic structure can be obtained at 150 °C, while a hexagonal structure appears at 250 °C and above. The re-
fractive indices of the cubic and hexagonal Nd,O3 films were 1.736 and 2.130, respectively. Moreover, the

principle of the influence of deposition temperature on the refractive index of the film was illustrated. The
hardness and the elastic modulus of the cubic Nd,O3 film were 6.3 GPa and 102 GPa, respectively, which are
much lower than the 9.9 GPa and 145 GPa of the hexagonal Nd,O5 film. In addition, with a double-sided cubic
Nd,Os film, the maximum transmittance of the diamond film reached 87.54%. The results show that the Nd,O3
film is an anti-reflection film suitable for optical applications.

1. Introduction

Nd,Os has attractive properties, such as a high dielectric constant,
good thermal stability, and excellent optical transmission. Nd,O3 par-
ticles are often added to ceramic materials to improve their perfor-
mance as optical [1,2], electrical [3], high temperature super-
conductors [4] and enhanced coating adhesion [5]. Since the
development of the film preparation method, the difficulty of preparing
Nd,Os film has been reduced, the quality of the film has been improved,
and the applications for Nd»O3 film have become more and more ex-
tensive. For example, the Nd,O3 coating can reduce the oxidation rate
and improve the scale adhesion of the steel used to form chromium
oxide film [6]. Nd,O3 film is an ideal high-k gate oxide in MOS devices
with a band gap of 5.8 €V [7] and a theoretical dielectric constant of up
to 35 [8]for hexagonal structure. Nd,O3; is also used as a super-
hydrophobic coating on stainless steel surfaces, due to its low electro-
negativity [9]. Many studies concern the preparation of Nd,O3 film. J.
X. Wang et al. obtained the Nd,Osfilm with cubic structure using mo-
lecular beam epitaxy [10]. Anne Kosola et al. prepared dielectric Nd,O3
film using atomic layer deposition [11].S. Chevalier et al. prepared a
thin oxide film of Nd,O3 using metal organic chemical vapour deposi-
tion (MOCVD) to protect the stainless steel from corrosion at high
temperatures [6]. Tung-Ming Pan et al. deposited a layer of amorphous
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Nd,O; film on Si substrate using magnetron reactive sputtering [12]
and obtained the desired crystalline structure by annealing the sub-
strate in different atmospheres. Karuppiah Hetherin et al. first deposited
a layer of neodymium (Nd)using radio frequency (RF) magnetron
sputtering, then used thermal oxidation to obtain a Nd,O3 dielectric
layer [13]. However, until now, there have been no comprehensive
reports on the structural, optical, and mechanical properties of thin
Nd,O3 films according to preparation processes.

In this paper, Nd,O5 films with two different crystal structures were
successfully prepared by controlling the deposition temperature. The
refractive index and mechanical properties of the Nd,O3 film were
measured and compared; the results show that Nd,O5; has great ad-
vantages as an optical film in terms of its mechanical properties and
refractive index. It is an ideal anti-reflection film for infrared windows
like Ge, ZnS, and CVD diamond. It has been noted that Nd,O; film
significantly improves the infrared transmittance of diamond in parti-
cular.

2. Experimental procedure
2.1. Sample preparation

The Nd,O; films were deposited on Si(100) substrates using RF
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Fig. 1. Schematic view of the vacuum chamber of the RF reactive magnetron
sputtering system.

reactive balanced magnetron sputtering [14]. The schematic view of
the vacuum chamber is shown in Fig. 1. The Nd metal target, 2 inches in
diameter and 99.95% pure, was used with pure O, to prepare the Nd,03
film. Argon gas was used to maintain the glow discharge and to provide
the main source of ions used to bombard the target. The Si substrate
needed to be separately sonicated in acetone and ethanol before it was
placed in the chamber. The base pressure of the deposition chamber
was 1.0 x 10~ *Pa.Before the film could be prepared, the target was
pre-sputtered in an argon atmosphere to remove the surface oxide on
the target. The surface of the Si substrate was cleaned using argon
plasma. During the experiment, the sputtering power was fixed to
250 W, and the negative bias applied to the substrates was-50 V. The
deposition temperature was set to 150 °C, 250 °C, 350 °C, and 450 °C
using a resistive heater with feedback control. The chamber tempera-
ture was maintained at 100 °C and heated by a resistance wire dis-
tributed on the chamber wall. The pre-heat was conducted for more
than 6h to eliminate H,O in the chamber. During preparation of the
film, an appropriate amount of argon and oxygen were introduced to
maintain the pressure in the chamber at 0.9 Pa. The 1:10 ratio of O, to
Ar was controlled by adjusting the mass flow meter.

2.2. Sample characterisation

The crystal structure of the prepared film was characterised using
glancing incidence X-ray diffraction (GI-XRD) (TTRIII, Rigaku) with 5°
as the angle of incidence. The surface morphology and the roughness of
the Nd,O3 film were both observed and analysed using atomic force
microscopy (Bruker Multimode 8)with a scanned area of 5 x 5pum?.
The density of the film was measured using X-ray reflectance (XRR)
(Bruker D8 Advance) with a scanned angle between 0.1 and
5°.Spectroscopic ellipsometry (Sentech, SE 850 DUV) was used to
evaluate the optical properties of films in the spectral range of
200-2500 nm at an incidence angle of 70°.The mechanical properties of
the film were characterised using nano-mechanical probes (Nano
indenterXP), and continuous stiffness was used to measure the hardness
and the elastic modulus of the film. Infrared transmittance analysis was
performed using Fourier transform infrared spectroscopy (FTIR)
(Excalibur 3100,Varian)with a spectral resolution of 8 cm ™ L. The sur-
face chemical state of the film was measured by an X-ray photoelectron
spectrometer (XPS) using a ThermoFisher Scientific ESCALAB 250Xi.

3. Results and discussion
3.1. Effect of deposition temperature on deposition rate
Table 1 shows the film thickness and deposition rate of Nd,O3 films

after deposition for 60 min at various temperatures. These data show
the deposition rate with the deposition temperature of the film negative
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Table 1

Nd,Os5 film thickness and deposition rate at various deposition temperatures.
Deposition temperature 150°C 250°C 350°C 450°C
Thickness (nm) 331.87 192.33 185.53 168.41
Deposition rate (nm/min) 5.53 3.21 3.09 2.81

correlation. During the deposition of the film, a low substrate tem-
perature causes the Nd atoms reaching the surface of the substrate to be
fixed by the reaction at the position reached without being sufficiently
diffused. This deposition could cause pores in the film. Therefore, as the
substrate temperature increases, the density of the film was better.
Sputtering under the same process parameters, the thickness of the
prepared film will decrease as the substrate temperature increases. In
addition, a negative bias of 50V was applied to the surface of the
substrate. Therefore, the film on the surface of the substrate was also
constantly bombarded by sputter atoms, argon ions, and secondary
electrons. Therefore, in the deposition process, not only the formation
of a thin film but also desorption phenomenon of deposited atoms after
high-energy sputtering atom bombardment exists. As the substrate
temperature increases, the deposited atoms have higher activity and the
adhesion coefficient decreases [15]. The desorption phenomenon is
more serious, so the deposition rate decreases as the substrate tem-
perature increases.

3.2. Thin film structure characterisation

The crystal structure of the Nd,Os film deposited at different tem-
peratures was characterised using XRD; the results are shown in Fig. 2.
The diffraction peak position of 28.68°corresponded to the (110) plane
of the cubic structure. The diffraction peaks at26.86°, 29.31°, 47.44°,
57.01°, and 64.11°respectivelycorresponded to the (100), (002), (110),
(112), and (202) planes of the hexagonal structure. The structure of the
film obtained at deposition temperature of 150 °C was cubic; however,
when the deposition temperature was 250 °C, 350 °C, and 450 °C, the
structure of the film was hexagonal. From the Nd-O binary phase dia-
gram, it can be observed that, under the thermodynamic equilibrium
state, Nd,O3 almost always exists in the body-centred cubic structure
below 860 °C. However, in the magnetron reactive sputtering process,
when the deposition temperature was above 250 °C, the hexagonal
structure of Nd>O3; began to appear in the film. A simplified thermo-
dynamic model can be used to explain the main reason for this phe-
nomenon. In fact, the phase and crystal structure of the reaction pro-
duct from the magnetron reactive sputtering process mainly depends on
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Fig. 2. GI-XRD patterns of Nd,O3 film at various deposition temperatures.
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Fig. 3. Surface morphology of Nd,Os film at various deposition temperatures.

the energy of the sputtered particles and the deposition temperature.
During the deposition process, the energy of the sputtered particles
essentially remained constant. As the heating temperature of the sub-
strate increased, the sum of the energy in the system gradually reached
the thermodynamic conditions required to produce hexagonal Nd,Os.
Thus, the hexagonal structure for Nd,O3 appeared in the film. And the
cubic structure was gradually reduced.

3.3. Film surface morphology

Fig. 3 is a three-dimensional image of the surface morphology of
Nd,Os film prepared at various temperatures. It can be seen that the
Nd,Os film prepared at various temperatures are compact and the grain
size is at the nanometre level. The surface roughness root mean square
(Rms) of the film prepared at 150°C, 250°C, 350°C, and 450
°Cwas4.07 nm, 1.8nm, 2.86nm, and 2.85nm, respectively. It can
clearly be seen that the surface roughness of the film prepared at 150 °C
is higher than that at 250 °C and higher. The sputtered Nd atoms have
the same kinetic energy before reaching the surface of the substrate
during the reaction. The deposition temperature determined the surface
diffusivity of the Nd atoms. When the deposition temperature waslow
(150 °C), the Nd atoms reached the surface of the substrate, the Nd
atoms were oxidized to produce Nd»O3 by O, adsorbed on the surface of
the substrate and solidified. When the deposition temperature was
raised to 250 °C and above, conditions were favourable for the diffusion
of Nd atoms on the surface of the substrate. Thus, a flat film surface was
obtained. Meanwhile, as the deposition temperature increased, the
deposition rate of the film gradually decreased. Under high temperature
conditions, the Nd atoms had sufficient time to diffuse after they
reached the surface of the substrate. Therefore, the surface roughness of

the film was greatly improved when it was prepared at high tempera-
tures.

3.4. Composition and chemical state

The chemical state of the film surface was analysed by XPS. In order
to obtain accurate information, first, the surface of the film is peeled off
with an ion gun to remove a small amount of contaminants on the
surface. The ion gun has an accelerating voltage of 500 eV and was
sputtered on the surface of the film by 60 s. Fig. 4(a) shows the Nd3ds >
XPS spectra of the Nd,O3 film. The peak positions of Nd3ds,, in the
Nd,Os film prepared at different temperature is 981.2eV, which mainly
corresponds to the peak position of the Nd-O bonds. Fig. 4(b) shows the
XPS spectra of O1s for Nd,O5 films. The O1s core level of the deposited
Nd,Os film showed two peaks at 528.0eV and 530.2 eV, which corre-
spond to the Nd-O bonds and the physically adsorbed oxygen [16] in
the Nd»Os film, respectively. While for the O1s of standard hydroxide,
the peak position is at 531.3 eV [17,18]. Therefore, it could be con-
firmed that no hydroxide was present in the prepared films.

3.5. Optical properties of the film

Fig. 5 shows the optical refractive index as a function of wavelength
for Nd,Os3 film prepared at various deposition temperatures. The re-
fractive index of the film decreased as the wavelength increased. In
particular, the film's refractive index change was abrupt when the de-
position temperature increased from 150 °C to 250 °C, increasing the
refractive indexfrom 1.736 to 2.028. This is because the structure of the
film is different, and the refractive index of the cubic structure is lower
than that of the hexagonal structure. When the film structure was
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uniform, the refractive index of the film increased slightly as the film
density increased. It was not difficult to use the Lorentz-Lorenz for-
mulate determine that the refractive index n was positively correlated

with p [19]:

9

150 °C Nd 3ds:

T

250 °

N

350 °C

450 °C

(@)

~

5 977 979 981 983 985
B.E.(eV)

Vacuum 169 (2019) 108936

Raw

Peak sum
——Nd-O bonds
0-0O bonds

150 °C  Nd-O

physisorbed oxygen

250 °C
S
£
% 350 °C
E

450 °C

(b)

526 527 528 529 530 531 532 533
B.E.(eV)

Fig. 4. XPS spectra of Nd,O; films at different deposition temperatures: (a) Nd3ds,, (b) Ols.
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The density of the film was measured using XRR, and the corre-
sponding ray reflection curve was presented in Fig. 6. It is considered
that a 2nm SiO2 layer is generally present on the surface of the Si
substrate. The Si/SiO,/Nd,03; model was used to simulate the measured
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Fig. 7. Density of Nd,O3 films at various deposition temperatures.

data. The calculated film density is shown in Fig. 7, and it is clear that
the density of the film was greatly improved; as the deposition tem-
perature increased, the diffusion ability of molecules on the surface of
the substrate increased during film preparation. At the deposition
temperatures of 250 °C, 350 °C, and 450 °C, the hexagonal structure film
density gradually increased to 7.305 g/cm®. This density is very close to
the density of the block hexagonal structure of 7.332g/cm>. At low
deposition temperatures, the critical nucleation radius was small. After
the atoms reach the surface of the substrate, the diffusion of the atoms
was greatly limited, and thus the resulting film was the structure of the
fibers [20]. Moreover, there are many pores between the fiber struc-
tures, which is the main reason for the low density of the film at low
temperature. As the deposition temperature increases, the diffusion of
atoms increases, the pores in the film decrease, and the density of the
film gradually increases.

Correspondingly, the refractive index also approached the calcu-
lated value of the hexagonal structure [21]. The refractive index of
Nd,Os film, whether cubic or hexagonal, is suitable as an anti-reflection
film for high refractive index infrared windows, such as Ge, ZnS, and
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CVD diamond. Therefore, there is great potential for the application of
Nd,Os film as optical film.

3.6. Mechanical properties of the film

The mechanical properties of the film were characterised using the
continuous stiffness measurement method, and the average values of
surface hardness and elastic modulus were calculated. The results are
shown in Fig. 8. At 150 °C, the film hardness and the elastic modulus of
the Nd,O; film with the cubic structure were 6.3 GPa and 102 GPa,
respectively. At a deposition temperature of 250 °C, the hardness and
the modulus of the film were greatly improved, becoming 8.7 GPa and
139.01 GPa, respectively. Its hardness and elastic modulus were sig-
nificantly higher than the Nd,Os film with a cubic structure. Further-
more, the hardness and the modulus of the hexagonal structure Nd,O5
film deposited at 350 °C and 450 °C were slightly higher, reaching ap-
proximately 9.9 GPa and 145 GP, respectively. As the deposition tem-
perature increased, the film structure gradually changed from cubic to
hexagonal, resulting in a gradual increase in the hardness and elastic
modulus of the films. Y03 film is a common optical film with a
hardness of 2.69 GPa and an elastic modulus of 29.8 GPa [22,23]. Both
mechanical properties of cubic and hexagonal Nd,O5 films were higher
than that of the Y,O3 film, which indicates that Nd»O; film is a good
candidate for anti-reflection film.

3.7. Infrared antireflection performance

According to the theoretical design of the diamond anti-reflection
film, when the refractive index of the anti-reflection film approaches
1.55 [24], the transmittance of the film system will be high. The cubic
structure of Nd,O3 has a smaller refractive index than the hexagonal
structure, so it is better suited to be optical anti-reflection film for
diamonds. Based on a quarter-wavelength anti-reflection design, the
film should be the ideal optical thickness D,

Ao
D= nag-dar = e
where nyy is the refractive index of the film, duy is the film thickness,
and 4, is the centre wavelength of the anti-reflection film. Generally,
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Fig. 8. Mechanical properties of Nd,Os films deposited at various deposition temperatures.
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Fig. 9. AFM image of a diamond and a Nd,O3/diamond/Nd,Os: (a) Diamond substrates; (b) After deposition of Nd,Os.
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Fig. 10. Transmission spectrum of CVD diamond before and after double-sided deposition of Nd;O3.

the application wavelength of diamond is at a wavelength of 8-12 pm
and a transmittance of a centre wavelength 4, of 10.6 um. Fig. 9 shows
the surface morphology of diamond substrates and Nd,Os film de-
posited on the diamond substrate at 150 °C.The surface roughness of the
diamond substrate was 0.296 nm and the Nd,O; film deposited on the
diamond substrate was 7.87 nm.The infrared transmittance of diamond
and diamond with double-sided deposition of Nd,03 (Nd;03/diamond/
Nd,03) is shown in Fig. 10; it can be observed that the infrared trans-
mittance of the diamond coated with Nd,O3; film was significantly
higher than that of the uncoated one. At a wavelength range of
8-12um, the average transmittance of a diamond without an anti-re-
flection coating was 64.30%.The average transmittance of diamond
with the AR coating was 82.42%, which was 18.12% higher. In parti-
cular, at 11.2 um, the infrared transmittance of Nd,0O3/diamond/Nd,03
was 87.54%, showing a dramatic anti-reflection effect.

4. Conclusion

Different structures of Nd,Os; film were prepared on silicon

substrates using magnetron reactive sputtering. When the deposition
temperature was 150 °C, the film had cubic structure, but it changed to
hexagonal structure when the deposition temperature was higher than
250 °C.The refractive indices of the cubic Nd,O5 films were 1.736, and
the refractive index of film with a hexagonal structure prepared at
higher temperatures gradually increased due to the increase in film
density. The hardness and the elastic modulus of the cubic Nd,O3 film
were 6.3 GPa and 102 GPa, respectively, which were much lower than
those of the hexagonal Nd,O3 film (which were 9.9 GPa and 145 GPa,
respectively). In the infrared band of 8-12pum, the Nd;O3 film de-
posited on double-sided of the diamond substrate increased the infrared
transmittance of the diamond by 22.69%.These results indicate that
Nd,Os film is very suitable as an anti-reflection film for high refractive
index infrared windows, such as Ge, ZnS, and CVD diamond.
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