Fabrication and characterisation of TiO, anti-reflection coatings with gradient index
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Nano-textured anti-reflection (AR) films are designed elaborately to improve the transmittance character and to reduce the surface reflection
loss. This work reports the gradient-index titanium dioxide (TiO,) AR coatings (ARCs) with the thickness of 50—400 nm, which was deposited
by radio-frequency magnetron sputtering-assisted with the oblique-angle deposition technique on the low-iron glass substrates. The
technological parameters related with this deposition were discussed such as the base pressure and target—substrate distance, as well as the
vapour incident angle. Then, optical characteristics of the graded-index coating were discussed. An ellipsometric model was built
to account for the structural and optical differences. The optimal thickness of the TiO, ARC was about 250 nm. It exhibited a higher
transmittance at the visible light regions over a large wavelength range than that of the primitive glass substrate. The value of refractive
index for the TiO, ARC was 2.245 at the wavelength of 632.8 nm.

1. Introduction: Conventional planar anti-reflection coatings
(ARCs) whether monolayer or multilayer thin films are designed
to provide excellent AR performance within limited ranges of
angles of incidence and wavelength [1-4]. While as a surface-
relief optics technology based on very large-scale integration
fabrication techniques (primarily photolithography and etching),
binary optics technology allows the creation of novel, unconven-
tional optical devices for refractive optical elements and enable
the fabrication of unique wavefront engineering devices from
X-ray to infrared wavelength [5, 6].

ARCs have evolved into highly effective reflectance and glare
reducing components because of their wide application as various
optical and opto-electrical equipments, packaging materials in
photovoltaic or display etc. However, the fact cannot be neglected
that the adsorption of organic contaminants from the ambient
atmosphere, particularly in outdoor applications, made the perform-
ance deteriorated and affected its long-term usability. Titanium
dioxide (TiO,) is a large bandgap semiconductor. Owing to its
better characters such as high transmittance in visible spectral
range, TiO, has been widely used in multilayer optical filters,
optical waveguides and other application [7]. While the most dis-
tinguished feature about TiO; is its more robust and durable photo-
catalytic self-cleaning character for the breakdown of organic
substances under ultraviolet (UV) illumination. However typically,
its high refractive index (ny;o, >2.5) also poses a major challenge
for its application, especially as ARCs [8].

To overcome the conflicting requirements for low refractive
index and high transmittance, sub-wavelength nano-texturing
ARC layer is a promising new approach to enhance the light trans-
mittance for advanced light trapping purpose in different device
geometries. Various structures including randomly or periodically
textured surfaces, nanoparticle arrays and plasmonic nanostructures
have been investigated both theoretically and experimentally
[7-10]. Majorities of fabrication methods have been developed
such as vapour—liquid—solid, solution—liquid—solid, metal-assisted
chemical etching, nano-imprint lithography, oblique-angle depos-
ition (OAD), atomic layer deposition (ALD) technique etc [9-19].
Xi et al fabricated five-layered graded-index films with
TiO,/SiO, nanorods on aluminium nitride substrate by OAD at
a vapour incident angle of 87° [11]. The minimum index was
reported to be 1.05 and the lowest reflectance was only 0.1% at
an incident angle of 30°. Pushpa ef al. reported an optimised
silicon nanoholes array texture surface in combination with the
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surface and bottom-of-a-trench gold (Au) nanoparticles array,
which producing a strong field enhancement effect on the substrate
leads to higher optical absorption [12]. This research team also
employed sub-micrometre pillar array textured aluminium oxide
as a surface passivation layer fabricated with ALD technique,
then got the broadband omnidirectional AR effects along with the
light trapping property of the surface and the excellent passivation
quality [13].

In this Letter, we report a kind of TiO, ARC with graded index
and its fabrication process. ARCs were deposited using the radio-
frequency (RF) magnetron sputtering (MSP) combining with
OAD method, where the graded-index is realised by controlling
the deposition parameters of the source incident angle and the dis-
tance from the centre of target to the centre of substrate holder. With
this approach, the refractive index of the TiO, coating varied grad-
ually, exhibited enhanced anti-reflectivity. The nanostructure and
morphology of the thin film would be analysed by scanning elec-
tron microscope (SEM) images to know the effect of substrate pos-
ition on the structure and optical properties. A strict experimental
analysis about the annealing characters would be addressed to com-
prehend the different parameters involved in the optical transmit-
tance response of the TiO, thin films.

2. Experimental results: The conventional vacuum-based
fabrication approaches are typically relying on glancing AD or
OAD technique to produce precise nanostructures from a wide
range of materials [11, 16, 18].

In this Letter, the gradient-index TiO, coatings were deposited on
the low-iron glass substrate (cut into 20 mm x 20 mm sections). The
target of the sub-stoichiometric TiO,_, (®49 mm) was used in
the TiO, thin-film deposition, whose thicknesses concluded
40-250 nm were fabricated with the JZCK-400 RF MSP equipment
at a specific incident angle /3, as shown in Fig. 1c. The base pressure
was 9.4 x 10™* Pa, the flux ratio of argon and O, was 2:1 at 0.57 Pa
sputtered pressure. The centre distance from the TiO, target to
substrate holder was 75 mm, the deposition temperature was
400 K at a constant power of 190 W in 2 h. The deposition material
began to deposit on the surface at a rate of 0.05 nm/s. The thickness
and deposition rates of TiO, were monitored by a quartz crystal
microbalance directly facing the vapour source. The detailed
description about the process of the film deposition was in a previ-
ous work [20].
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Fig. 1 Schematic of RF MSP furnace assisted with OAD technique
a MSP deposition

b Normal deposition

¢ OAD-assisted deposition

d Vapour incident angles

In the coatings preparation, the process parameter variables
involved in time, vapour incidence angle, target—substrate distance
material selection etc. As the substrate holder is parallel with the
target holder in the conventional deposition, here we designed a
series of different angled module to replace the original substrate
holder. The substrate is mounted on the angled module (a=30°,
50°, 70° and 85°) with respect to the conventional incidence depos-
ition material vapour flux. The distance between the regular hori-
zontal rotation holder and the target source was 75 mm. The
deposition angles from such a large area of source (¢ 49 mm), a pref-
erential direction of arrival can be preserved to some extent, as shown
in Fig. 1d. The TiO molecular arrived at the surface of the substrates
at the range of 53—85° statistically, thereby inducing the growth
of OAD thin films with the nano-textured structures [11].

It has been established by Fresnel that the angle of incidence
plays a decisive role in the determination of reflectance [8]. The pic-
tures of the as-deposited TiO, coatings were taken at different
azimuth angles, as shown in Fig. 2.

From the photoshooting at elevation view, the left sample was
placed at the target—substrate distance of 85 mm during the depos-
ition, while the right one was placed at the target—substrate distance
of 65 mm. They were fabricated in the same processing batch, but
they exhibited the different colours to the naked eye, which illu-
strated their different reflectance features. As the change of shooting
azimuth, the surface reflection colour of the TiO, coatings also
changed. Especially, when the photograph was shooting at the
angle of 45° in the North side, both of the TiO, coatings showed
nearly white colour. At a particular shooting angle, there was no
visible light reflected to our naked eyes. The coatings are almost
completely transparent, and we can see the filter paper clearly.

west side elevation view

elevation view Photo taken at a 30° angle

S

northside elevation view
photo taken at a specific angle

north side elevation view
photo taken at a 45° angle

west side elevation view
phototaken at a 60° angle

Fig. 2 Pictures of the as-deposited TiO2 coatings at different shooting
angles
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While OAD films had been reported to be anisotropic in previous
research [16]. The reflected characteristics of the TiO, ARC coat-
ings fabricated by our MSP processing also had the properties of
optical anisotropy, which indicated that the AR performance
changed with the incident angle.

To study the effect of annealing on the crystallisation of the TiO,
thin film and compare the transmittance properties, we annealed the
six TiO, film samples in air at the temperatures of 623, 673, 723 and
773 K for 2 h, respectively. All as-deposited as well as heat-treated
films were analysed. As the functional components to increase light
transmission, moreover to eliminate unwanted reflections and glare,
ARC and surfaces have enabled the increasing performance of
optical components.

3. Results and discussion: We fabricated 11 TiO, thin-film samples
for the characterisations. The nanostructure and morphology of the
TiO; thin film were performed with an SEM (SEM, VEGA3 SBH,
TESCAN China, Ltd.) and CSPMS5500 atomic force microscope
(AFM, Being Nano-Instruments Ltd.), as shown in Fig. 3. Samples
were Au-coated previous to SEM observations. Fig. 3a exhibited
top-view SEM images of the normal sputtered TiO, films after
post-treatment at 753 K for 2 h, the small nucleation sites formed,
and the islands of material distributed randomly on the surface of
the glass substrate. Then, the pre-deposited TiO, on the glass is
used as the second-deposition substrate. Fig. 3b exhibited the
sputtering TiO, films assisted with the OAD technique. Owing to
height variations and the angle of deposition, the molecular of
TiO, was self-organised along the direction of incident vapour
flux. With the increasing incident time, the porosity of the film
increased due to the self-shadowing effect, then began to grow into
nanocolumnar structures. The average surface roughness had been
calculated Ropy=22.5 nm from the topographical data.

The test of light transmittance was performed with a 755B UV—
visible (UV-vis) spectrophotometer (Shanghai Jinghua Company,
China) in transmission mode. Transmittance of the surface of a ma-
terial is its effectiveness in transmitting radiant energy, which is the
fraction of incident electromagnetic power transmitted through
a sample [21]. Light transmittance of coated glass is one of the
important indexes of optical properties. The UV—vis spectra of
the as-deposited films, as well as for the annealed films, were col-
lected in the spectral range of 250-1000 nm at indoor temperature.
All of the transmittance tests were performed in condition that the
incident light was normal to the surface of glass substrate. The
transmittance spectra for the samples obtained in the same or differ-
ent deposition run were shown in Figs. 4a—d.
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Fig. 3 Top-view SEM images of TiO; films
a TiO, coatings (a=0°)
b TiO, coatings (a=85°)
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Fig. 4 UV—vis spectrum of deposited TiO, coating
a TiO, coatings deposited with the 85° module (before heat treatment)
b Same sample before and after annealing at 753 K
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The TiO, coatings were deposited with the 85° module with
which the incident angle of TiO, vapour molecular was calculated
to be about 68.6-85°, as indicated in Fig. 1d. All the experimental
transmittances through uncoated low-iron glass substrate were in
black colour. Fig. 4a showed the TiO, coatings with regular sputter-
ing technique (in green colour) and TiO, coatings with
OAD-assisted sputtering technique (the 85 mm target—substrate dis-
tance in blue colour and the 65 mm target—substrate distance in red
colour). Compared to the uncoated substrate, the transparency of the
films exhibited a sharp decrease in the wavelength range of 300—
400 nm. Moreover, the normal-deposited TiO, coatings exhibited
a band-filter nature in the wavelength range of 380-550 nm.
While the transmittance of TiO, coatings (OAD-assisted deposited)
had the better transmittance character. The film deposited at 85 mm
target—substrate distance exhibited the best optical performance, so
that later work was based on this parameter. The peak of transmit-
tance was up to 91.1% in air mass 1.5 (AM1.5) atmosphere, which
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Fig. 5 Raman spectrum of deposited TiO, coating

was increased by 0.77% than the primitive of the glass substrate
(90.4%).

Fig. 4b plotted the compared results of the transmittance
characteristics of the as-deposited samples and the same samples

851
© The Institution of Engineering and Technology 2017



spectroscopic ellipsometric (SE) Data

Spectroscopic Ellipsometric (SE) Data

schematic of ellipsometry

i

=100

300 400 500 600 700

@" o ! ém“";' b wavelength, nm
~ 1 the layer model of normal sputtered TiO: film
B Y s %%

compersatos ' compersator
{opionad) ' (gt}

_ —
: substrate

Ti); (regular deposition)
]

Fig. 6 Refractive index tested with the ellipsometry method

a Schematic of ellipsometry

b Normal sputtered TiO, film

¢ TiO; film of normal sputter 2 h and OAD-assisted sputter 2 h (85°)

annealed at 753 K in air for 2 h. The peaks of the annealed samples
showed a blue shift of about 50 nm compared with the as-deposited
samples due to the quantum size effects. The deposition times of 2,
3, 4 and 6 h were chosen to achieve the different film thickness, and
the relationship of transmittance with the thickness was shown
in Fig. 4c. Fig. 4d exhibited the TiO, coatings deposited at the
different incident angles and deposition time length. For a given
deposition-angled module, no apparent difference between the
highest transmittance and the wavelength range was observed. In
Figs. 4c and d, there can be concluded that though the thickness
of as-deposited films may be increased with the longer deposition
times, but the transmittance did not show a significant increase,
resulting in increased production costs.

The previous work has demonstrated that thin-film TiO, optical
coatings can be characterised rapidly and unambiguously by the
non-intrusive technique of Raman vibrations. Raman spectroscopy
was used in chemistry to provide a structural fingerprint by
which molecules can be identified (Raman Spectrometer (BWS
415-785H, B&W TEK Opto-electronics (Shanghai) Co., Ltd.), as
shown in Fig. 5.

To obtain further detailed information on the crystallisation of the
TiO, thin films after heat treated, Raman spectra of TiO, samples
produced under different heat-treated conditions were conducted
at room temperature. Raman spectra were excited using 300 mW
of 785.0 nm radiation from a 30 mW solid-state laser. According
to the Raman spectrum result, it did not give any specific peaks
even after the samples annealed at a series of heat-treatment
temperature. The Raman line assignments were not in agreement
with those of [22, 23]: the Raman microprobe spectra of natural
brookite powder had a characteristic intense band at 153 cm™!,
anatase had a band of similar intensity at 144 cm™" and rutile had
the five intense lines at 236, 440, 515, 589 and 650 cm™!
[22, 23]. The Raman spectrum of TiO, reveals that the as-deposited
TiO, ARC still exhibited the amorphous structure as shown in
Fig. 5. The relative intensity of the Raman lines exhibits only
modest variation with excitation photon energy. This result told
us that the annealing process has few influences on the crystallisa-
tion of the TiO, coatings fabricated with sputter technique. These
phenomena were consistent with the conclusions of other research-
ers that the TiO, film fabricated with RF sputtered was amorphous
[24-26]. Deposition rate may play an important role in controlling
surface diffusion and atom relocation. It stands to reason that high
temperatures and low deposition rates would allow ad-particles to
diffuse over greater lengths.

The AR properties of the fabricated surfaces were verified optic-
ally by ellipsometry (alpha-SE, J.A. Woollam Co.). The refractive
index was calculated according to the Forouhi—Bloomer dispersion
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equations. The wavelength dependency of the films optical
constants has been examined by variable angle spectroscopic
ellipsometry (alpha-SE, J.A. Woollam Co.) at the 70° incidence
angle in the wavelength range between 380 and 900 nm, using a
helium—neon laser as the light source, as shown in Figs. 6a—c.
Ellipsometry is an indirect method that the measured ¥ (display
style: psi) and A (display style: delta) cannot be converted directly
into the optical constants of the sample [27, 28]. A is the phase dif-
ference that develops between the s- and p-wave components after
reflection. The quantity tan ¥ is related to the amplitude ratio.

Two physical models were developed in order to describe
physically possible TiO, films. The normal sputtered TiO,
films, assumed to be ideally homogeneous, were first described
by a single-layer model (Fig. 6b). The second model for TiO,
films [normal sputter 2 h and OAD-assisted sputter 2 h (85°)]
are a double-layer film with a dense TiO, layer and a surface
roughness layer (Fig. 6¢), based on the island film formation.
Models were based physically on energy transitions or simply
free parameters used to fit the data. The obtained thickness values
were 52.17+2.145nm (the normal sputtered TiO, film) and
256.8+1.114 nm [the TiO, film of OAD-assisted sputter 2 h
(85°)], as shown in Figs. 6b and c. The values of refractive index
n (632.8 nm) for the TiO, coating was 1.636 in normal sputter
sample, 2.245 in normal and OAD-assisted sputter sample, which
was lower than the dense film such as anatase (n=2.49), brookite
(2.58<n<2.70) and rutile (n=2.903). The effective refractive
index was a direct consequence of the material-air composite and
can be approximated by effective medium theories. The results
demonstrated that the graded-index coating had low reflectivity
that leads to significant improvement in optical performance and
to new microoptics capabilities.

4. Conclusion: In nanotechnology, the most common way to sup-
press reflection is to apply thin films to a substrate, to modify the
surface with a suitable pattern or to introduce a porous material to
the surface. We experimentally demonstrate that the high refractive
index of TiO, material can be decreased to 2.24 using the technique
of magnetic sputter combined with OAD. It dramatically reduces the
reflectance and enhances the transmittance in the visible light
regions. To approach conditions existing during vacuum evaporation
and promote tilted nano-textured structure growth, MSP deposition at
different deposited angles or at different target—substrate distances
had been optimised. The best transmittances of TiO, were deposited
at 85° angled module and the target—substrate distances of 85 mm in
2 h normal sputter and another 2 h OAD-assisted sputter. It still kept
the amorphous state even after 2 h high-temperature annealing. With
the current trend of technology moving toward optically transparent
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for the application of AR technology, the high refractive index mater-
ial of TiO,, due to its environmentally benign processing methods,
has achieved the obvious advantages. Continuing work on oriented
sputter-deposited films is in progress.
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