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Abstract: The research on anti-reflection (AR) optical thin film has long sought to obtain high-
performance reflection and transmission properties in photovoltaic and photonic devices. The study
of multi-layer AR (M-AR) film with low- and high-refractive-index materials is essential to increase
the selective transmittance and reflectance at visible light wavelengths. However, M-AR film
exhibits low substrate adhesion and slow deposition rates. We developed a DC pulse sputter system
incorporating an inductively coupled plasma (ICP) source of high density to obtain high-quality M-
AR film. Six-layer AR optical thin film was simulated using SiOx as a low-refractive-index material
and NbOxas a high-refractive-index material. The multi-layer AR film based on 5iOx and NbOx (M-
SiNb) was fabricated using DC pulse sputtering which incorporated an ICP source. M-SiNb film
exhibited better properties than the optical simulation results at 550 nm (transmittance: 99.19%,
reflectance: 0.87%). Similarly, the M-SiNb film fabricated using the ICP source had high
transmittance and reflectance in the visible light region and excellent adhesion to the substrate
notwithstanding the various mechanical tests it was subjected to. Consequently, the development
of the DC pulse sputter system included the ICP source, and this study represents important
research in the field of optical film.
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1. Introduction

The transmittance and reflectance of optical thin film can be adjusted in a specific wavelength
range according to its purpose [1-3]. In particular, an anti-reflection (AR) film reduces the reflection
intensity and increases the quality of optical characteristics; hence, it plays an important role in the
manufacturing of optical instruments such as lenses, solar cells, and flat panel displays [4]. The
principle of AR film lies in the destructive interference of reflected light from the interface of the air
and the film substrate. The amplitude of reflected light from the substrate surface should be matched
by the amplitude of reflected light from the AR film surface. The choice of AR film material is an
important factor in the destructive interference of reflected light. Common AR film consists of multi-
layered film with alternating high- and low-refractive-index materials, typically making use of
transparent materials such as SiO2, Nb20s, TiO2, MgFs, and indium-tin oxide (ITO) [5,6]. Among these
AR film materials, the visible light range has been studied most due to the specific properties
exhibited here. SiOx is a refractive material, with excellent optical properties (refractive index: 1.46)
among low-refractive-index materials. It is also inexpensive compared to other low-refractive-index
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materials. NbOx also has excellent optical properties (refractive index: 1.53) and a smaller absorption
coefficient than other high-refractive-index materials [7-11].

Reactive radio frequency (RF) sputtering technology [12,13], one of the most accurate methods
of depositing oxide thin films, can produce high-quality thin films from high melting-point materials.
Moreover, the deposited AR film can easily attain the same chemical composition as that of its target.
However, since the reactive RF sputtering technique has the disadvantages of having a slow
deposition rate, poor step coverage, surface roughness, and poor substrate durability, it remains
problematic for the production of high-quality optical thin film [14,15]. To solve this, plasma source
antennas have been used for the deposition of high-quality AR film. One of the plasma sources, an
inductively coupled plasma (ICP) source antenna, is coil-shaped, and when RF power is applied to
the antenna, a current flows in it creating an induction field around the antenna. Because of these
properties, the use of existing plasma sources has been reduced and interest in ICP plasma source
methods has soared in the field of AR film deposition. The induction field is a factor that creates the
high-density ICP source and maintains it. Furthermore, the AR film boasts a fast deposition rate and
a uniform surface according to the increase in temperature of the electron beam [16-21]. Therefore,
binary materials such as oxides (SiOx and NbOx) have poor hardness and wear resistance but this
method reduces these properties. Additionally, it reduces defects such as scratches, residues, and
peeling in various external environments, and can rapidly deposit high-density layers of AR film.
Although it may be difficult to expect good interfacial adhesion due to the large lattice constant
differences between the low- and high-refractive-index materials, the adhesion between the interfaces
can be improved using the high-density ICP source.

In this study, we designed and manufactured a DC pulse sputter system with an ICP radical
source. We fabricated a single-layer AR film using this DC pulse sputter system (with the ICP source)
and observed a fast deposition rate and a uniformity of AR thin film with the ICP source, which
exhibited better properties than without the ICP source. The multilayer AR film was designed using
the properties of single-layer AR film [22]. SiOx and NbOx were used as the low- and high-refractive-
index materials of the AR film, respectively. We measured the optical properties of SiOx and NbOx
two-single-layer AR films at the visible region using UV-visible spectroscopy (UV-vis) and designed
the multilayer AR film using these properties. Finally, we fabricated the high-quality multilayer AR
film based on SiOx and NbOx (M-SiNb) using the DC pulse sputter system (with the ICP source). We
compared the uniformity of the surface of the two single-layer AR films with the ICP source with AR
films fabricated without the ICP source. The hardness of the SiOx and NbOx was 1.1 and 1.5 times
stronger, respectively, than without the ICP source. The M-SiNb with the ICP source also had better
uniformity of surface compared to AR films fabricated without the ICP source. The M-SiNb fabricated
with the ICP source maintained the durability and stability of the AR film without a change of
refractive index after the constant temperature and humidity and saline spray tests. The results show
that the fabricated sputter system and AR film can be used in optical lenses, camera lenses,
smartphone displays, and solar cell applications.

2. Materials and Methods

2.1. Materials

Si and Nb targets (430 x 100 x 10 T/purity: 9.99 %) were purchased from Taewon Scientific Co.,
Ltd. (Seoul, South Korea) and Oz gas was purchased from Seonggwang Oxygen Co. (Gimhae, South
Korea). They were used as deposition materials for the fabrication of M-SiNb film. Slide glass (Schott
B270 / 50x25x1 T) was purchased from P&Tech (Cheongju, South Korea) and used as the substrate
for the AR film. The Macleod software package (11.0.537, Thin Film Center Inc., Tucson, AZ, USA) is
a program for optical thin film design and was used for the design of the M-SiNb film. The ICP source
was purchased from UNIVAC (Gimhae, Korea) and was used for manufacturing the DC pulse
sputter system with the ICP source.
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2.2. Characteristics

UV-vis (Lambda 950, PerkimElmer, USA) was used to measure the transmittance and reflectance
of the AR films, and the transmittance and reflectance indexes were used when the M-SiNb film was
designed. The morphologies of both the SiOx and NbOx single-layer AR films and the M-SiNDb film
were investigated using field-emission secondary electron microscopy (FE-SEM; S-4300, Hitachi,
Tokyo, Japan), and atomic force microscopy (AFM; XE-100, Park systems, Suwon, South Korea). The
hardness of the SiOx and NbOx single layers were measured using a hardness tester (Nano
indentation tester: NHT?, Anton Paar, Austria). A constant temperature and humidity tester (TH-ME-
025, Jeio tech, Busan, Korea) and a saltwater spray tester (VI-ST 100, visiontec21, Daegu, Korea) were
used for durability and stability tests of the M-5iNb film.

2.3. Fabrication of High-Quality Multi-Layers AR Film Based on SiOx and NbOx (M-SiNb)

Figure 1a shows a schematic diagram of the DC pulse sputter system with the ICP source. For
mass production of the AR film, we used a drum-type sample holder. The Si target was mounted on
the right side of the chamber, the Nb target on the left side, and the ICP source was mounted on the
door of the chamber. The O2 gas flowed at the point at which the ICP source was installed. A shutter
was installed at each target to prevent the mixing of each of the target materials. The pumping system
between the target and the ICP source played a target oxidation prevention role. The deposition
process of the M-SiNb film using our manufactured DC pulse sputter system with the ICP source is
shown in Figure 1b. The distance of target and substrate was 110 mm, and process temperature and
power were 60°C and 3000 W, respectively. The sample holder was turned clockwise when the SiOx
film was deposited and turned counterclockwise when the NbOx film was deposited. First, when the
NbOx film was deposited, the deposition pressure was 3 mTorr, and the flow rate of Oz and Ar gases
was 200 and 100 sccm, respectively. And, when the SiOx film was deposited, the deposition pressure
was 1 mTorr, and the flow rate of Oz and Ar gases was 150 and 100 sccm, respectively. Finally, the
two AR films were deposited alternately, layer by layer, to fabricate the M-SiNb film.
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Figure 1. Schematic diagram of (a) the manufactured DC pulse sputter system with the inductively
coupled plasma (ICP) source and (b) process of deposited M-SiNb using the ICP source.
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3. Results

3.1. Characteristics of SiOx and NbOx Single Layer

We first measured the cross-sections of the SiOx and NbOx samples using FE-SEM to design the
AR multilayer films based on SiOx and NbOx. Figure 2 shows the cross-sectional and top views of the
SiOx and NbOx single-layer AR films with and without the ICP source. As seen in Figure 2a-d, the
surface differences of SiOx are hard to observe. However, for the surface of NbOx using the ICP
source, it was observed that it has a smoother surface than the surface of NbOx not using ICP source.

(a) SiO,, ICP source x | K{5)] NbO,, ICP source x

AR film AR film

Substrate Substrate

(c) Si0,, ICP source O NbO,, ICP source O
AR film
Substrate

WD14.6mm 15.0kV x30k  lum

Figure 2. Cross-sectional SEM mages SiOx and NbOx single-layer anti-reflection (AR) films; (c,d)
without and (a,b) with the ICP source.

Moreover, the Figure 3a—d shows the surface roughness of AR coating films to observe clear
differences of sample surfaces. The surface roughness of samples (SiOx: 1.42 nm, NbOx: 0.35 nm) using
an ICP source is lower than the surface roughness of samples (SiOx: 2.07 nm, NbOx: 2.69 nm) not using
an ICP source. Therefore, the AR films using the high-density radical source had a more uniform
layer and smoother surface than the films not using it.
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Figure 3. AFM images of deposited SiOx and NbOx single-layer anti-reflection (AR) films; (c,d)
without and (a,b) with the ICP source.



Crystals 2020, 10, 424 5 of 9

Figure 4 shows the single-layer hardness results of the 5iOx and NbOxsamples. The hardness of
the deposited single-layer AR films using the ICP source was stronger than the deposited single-layer
AR films not using it. The hardness difference of the SiOx and NbOx films using the ICP source was
1.5 times and 1.1 times higher, respectively, than not using the ICP source. Consequently, the
deposited multilayer AR films using the ICP source were expected to have better durability than
those not using the ICP source.
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Figure 4. Hardness of single-layer AR films according to the presence or absence of the ICP source;
(a) SiOx and (b) NbOx.

In addition, we measured the transmission and reflectance of the SiOx and NbOx single-layer AR
films using ultraviolet-visible spectrophotometry (UV-vis). The transmission and reflectance of SiOx
and NbOx were used for the design of a multilayer AR film based on SiOx and NbOx (M-SiNb) using
the Macleod software. The simulated M-SiNDb film consisted of a total of six layers with alternating
SiOx and NbOx on a glass substrate as shown in Figure 4a,b. Figure 4c,d show the transmission and
reflectance of the designed M-SiNb film according to the presence or absence of the ICP source in the
visible region using the Macleod simulation software. The reflectance and transmittance of the M-
SiND film using the ICP source was 0.2% lower and 0.28% higher, respectively, than without the ICP
source at 550 nm. The results suggest that our manufactured DC pulse sputter system (incorporating
the ICP source) produced excellent AR coatings for optical thin films.

3.2. Characteristics of the Multi-Layer AR Film Based on SiOx and NbOx (M-SiNb)

The designed six-layer M-SiNb film was subjected to a deposition experiment which differed
depending on the presence or absence of the ICP source. Top views and cross-sections of the M-SiNb
film were measured using FE-SEM to observe the morphology of the M-SiNb film. Figure 5a—d shows
the top-view and cross-sectional images of the M-SiNb film according to the presence or absence of
the ICP source. The deposited M-SiNb film using the ICP source had a more uniform surface and
cross-section than the film not using the ICP source. We measured the transmittance and reflectance
of the deposited M-SiNb film by DC pulse sputtering as shown in Figure 6e,f. The reflectance and
transmittance of the M-SiNb film using the ICP source was about 0.87% and 99.19% at 550 nm,
respectively. These values were about 1.89% lower (reflectance) and 1.95% higher (transmittance),
respectively, compared with the deposited M-SiNb film not using the ICP source. Moreover, the
reflectance and transmittance of the deposited M-SiNb film using the ICP source had 3.35% lower
and 3.41% higher values compared with the simulated M-SiNb film (reflectance: 4.22%,
transmittance: 95.78%), respectively.
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Figure 5. The simulation results of M-SiNb (a) with and (b) without the ICP source. (c) Reflectance
and (d) transmittance of the simulated M-SiNDb according to the presence or absence of the ICP source.
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Figure 6. Top-view and cross-sectional SEM images of deposited M-SiNb (a,c) using the ICP source

and (b,d) not using the ICP source. (e) Reflectance and (f) transmittance of the deposited M-SiNb

according to the presence or absence of the ICP source.
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In addition, the constant temperature and humidity and salt spray tests of the M-SiNb film were
performed to observe the durability of the optical thin film according to the presence or absence of
the ICP source. Figure 7 shows the images of the M-SiNDb film depending on the presence or absence
of the ICP source after the constant temperature and humidity and salt spray tests. The M-SiNb
samples were seen to be transparent regardless of the ICP source and the constant temperature and
humidity and salt spray tests. Since any change of the thin film (according to the ICP source) could
not be visually observed, the morphologies of samples were investigated using FE-SEM, and the
refractive index was confirmed by measuring the transmittance and reflectance of the sample by
means of UV-vis.

(a)_ ICP source O

e — M NVERSTY o st

ICP source X (b),, ICP source O i ICP source X

.
4 W W 1 apmee L srsmmsemt -
oo oo gqgua 9Mama o 3 oMgua omgoun (0 o BB bl
f e [ N} [N ]

i’ ip W, I i F S
{amgua’ioqgua jEadse gnamz iaons Baaua
| S i ,
5 "R un o am ]

iJ. i’ lJ IJ - / u'\ ol. lJ

5 / omgun  omgea

gAgun gmuza

’ ¥ 3 2 i u i Jl
ol ws= gs B U U R 2 axawa

I Constant temperature and humidity test @ Salt spray test | i
Figure 7. Images of the M-SiNb film after testing; (a) constant temperature and humidity test and (b)
saltwater test.
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Figure 8 shows the SEM images of the M-SiNb film depending on the presence or absence of the
ICP source after the constant temperature and humidity and salt spray tests. Top views of the M-
SiNDb film were measured using FE-SEM to observe the morphology and peeling phenomenon of the
M-SiND film. The deposited M-SiNDb film using the ICP source had a more uniform surface than the
film not using the ICP source and exhibited no peeling phenomenon. In particular, the morphologies
of the sample with the ICP source maintained a smooth surface compared with the samples before
constant temperature and humidity and salt spray tests of Figure 5. The results suggest that the
availability of the DC pulse sputter system (incorporating the ICP source) proved to produce good
multilayer AR coatings of optical thin films.

Figure 8. The SEM images of the M-SiNb according to the presence or absence of the ICP source after
testing; (a,b) constant temperature and humidity test and (c,d) saltwater test.

Figure 9a,b shows the refractive index before and after the constant temperature and humidity
test of the M-SiND film depending on the presence or absence of the ICP source. The refractive index
of the M-SiNb film using the ICP source was compared before and after the constant temperature
and humidity test, and it was confirmed that both M-SiNb films, regardless of the ICP source, had
similar refractive index values. However, the refractive index of the M-SiNb films with and without
the ICP source were about 1.03 and 2.75, respectively, which means that the M-SiNb film with the
ICP source was deposited more uniformly than the M-SiNb film without the ICP source. The
refractive index of the M-SiNb film, according to the presence or absence of the ICP sources before
and after the salt spray test are shown in Figure 8c,d [23]. A comparison of the refractive index of the
M-SiND film before and after the salt spray test showed a change from 0.87 to 2.76 (ICP source O) and
from 0.92 to 8.17 (ICP source x), respectively, depending on the presence or absence of the ICP source.
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The M-SiNb film exhibited better durability overall in the constant temperature and humidity test
than in the saltwater test. The M-SiNb film with the ICP source, exhibited good durability in both the
constant temperature and humidity test and the saltwater test. Therefore, the results suggest that the
ICP source created a superior AR coating of the optical thin film. The DC pulse sputter system with
the ICP source was successfully developed, and the six-layer M-SiNb film did not peel from the
substrate, demonstrating excellent durability in various environments.
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Figure 9. The refractive index of the M-SiNb according to the presence or absence of the ICP source;
(a,b) the constant temperature and humidity test and (c,d) saltwater test.

4. Conclusions

We successfully manufactured a DC pulse sputter system including an ICP source for the
deposition of a six-layer AR optical film of high durability. The hardness values of the single-layer
SiOx and NbOx films with the ICP source were 1.5 and 1.1 times stronger, respectively, than without
the ICP source. The transmittance (95.78%) and reflectance (4.22%) values of the designed M-SiNb
film using the ICP source were similar to the measured values (transmittance: 99.19%, reflectance:
0.87%) of the deposited M-SiND film at 550 nm. The deposited M-SiNb film using the ICP source had
a uniform surface despite the fast deposition rate. It also had a 2.7 and 3.0 times higher refractive
index than the M-SiNb film not using the ICP source after the constant temperature and humidity
and saltwater tests, respectively. The deposited M-SiNDb film using the ICP source exhibited no
peeling phenomenon throughout various tests (constant temperature and humidity, saline spray, and
hardness). Consequently, the fabricated DC pulse sputter system and resultant M-SiNb film will have
a positive effect on various optical film applications in the fields of, among others, optical lenses,
camera lenses, smartphone displays, and solar cells.
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