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Antireflection coatings dominate a critical role in enhancing optical efficiency across a wide range of technol-
ogies, particularly top layer in high-performance solar energy systems and advanced laser optics. In this study we
report fabricating low-loss SiO2-TiOz based antireflection coating by using electron beam ion-assisted deposition
and analysing their optical transmission evolved through microstructural transformation under a varying ther-
mal load. Multilayer antireflection films were deposited on cleaned glass substrates at temperature range from
120°C to 240°C, with precise control over layer thickness in-situ. Optical spectral analysis revealed average
transmission values of 99.54 + 0.04 % in the 470-532 nm range and 98.63 + 0.12 % in the 950-1064 nm range
at substrate temperature of 160°C and 180°C, representing significant improvement over uncoated glass. The
spectral transmission of AR coatings dropped beyond this temperature owing to increased roughness, porosity,
and microstructural transformation resulting in a decreased optical efficiency. Adhesion and aging tests
confirmed excellent interfacial stability and durability. Water contact angle analysis indicated the hydrophilic
nature of the film surface. These findings showcase the effectiveness of electron beam ion-assisted deposition
process in fabricating high-precision industrial quality antireflection coating by in-situ optimization of substrate

temperature.
1. Introduction Thickness:
Antireflection (AR) coatings are crucial for improving optical trans- d= n 2)
1

mission across various applications, including solar panels, ophthalmic

devices, display systems, aerospace and defence optics, and high-power
laser components [1]. Typically, AR coating employs alternating layers
of materials with high and low refractive indices to induce destructive
interference and minimize surface reflection [2]. However, single-layer
coatings are limited to narrow spectral ranges due to the
wavelength-dependent nature of the quarter-wavelength interference
condition, which limits the applicability in broadband applications [3].

To achieve zero reflectance, the refractive index and thickness of the
film must satisfy the following conditions [4,5]:

Refractive index:

ny = /non; (@)
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Where n, ng, ns, A represents the refractive index of the film, air,
substrate, and reference wavelength, respectively.

For broadband applications, multilayer AR structures, where alter-
nating stack of high and low-index materials are commonly employed to
achieve superior performance [6]. Various dielectric materials such as
Al0s [7], HfO2 [8], MgF2 [9], TiO2 [10], SiOz [11] have been investi-
gated for these purposes. Among these, TiO2 and SiO: are particularly
advantageous due to their complementary refractive indices TiO2
(2.1-2.45) [12-14] and SiO2 (1.46-1.47) [15,16] and their high trans-
parency from the visible to near-infrared (NIR) range. In addition, both
materials are non-toxic, earth-abundant, chemically and thermally sta-
ble, and low cost [17-21].
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Multilayer SiO»-TiO2 AR coating have been fabricated using various
deposition techniques such as sol-gel, which provides compositionally
tuneable coating, but typically surfers from high porosity, undesirable
interfacial reaction due to high temperature annealing, weak adhesion,
and poor environmental stability [22,23], plasma enhanced chemical
vapor deposition (PECVD) enables better film densification and
composition control at relatively low substrate temperature, however,
precursor, processing gas, and by products are toxic to the environment
[24]. Spray pyrolysis offers simple, scalable route for the large area
coatings; however, chemical homogeneity reduced due to residue or-
ganics remaining in the processed coatings [25].

On the other hand, physical vapor deposition such as magnetron
sputtering [26,27], Ion beam sputtering (IBS) [28,29], and electron
beam deposition (EBD) have been widely used [30,31]. Magnetron
sputtering and IBS produce dense, low-loss multilayers with excellent
uniformity and durability. However, these methods rely on sophisti-
cated vacuum system and process control resulting in low deposition
rate and high running cost restricting the use of niche market. EBD is an
attractive technique, based on thermal evaporation process, offers
higher deposition rate and low cost in producing high quality
multi-component AR coatings suited to industrial applications. How-
ever, there are challenges in developing defect-free multilayer coating
by EBD with high optical transmission due to columnar microstructure
growth of TiO; leading to poor adhesion and environmental stability,
which require additional metal coating to improve interfacial adhesion
[32,33]. Electron beam ion-assisted deposition (EB-IAD) is one of the
leading thin-film creating techniques that addresses these challenges by
incorporating ion-bombardment during deposition resulting in
improving film density, chemical and microstructural uniformity, pre-
cise coating thickness, improved bonding and interfacial adhesion, high
reproducibility and superior durability, high laser damage threshold,
making EB-IAD one of the most sustainable technology for industrial
laser optics [34,35].

Notably, optical properties of TiO, thin film are strongly influenced
by substrate temperature and post-deposition thermal annealing due to
changes in microstructure. For example, Yang et al. reported that TiO:
films deposited at 300°C and annealed at 450°C for 1 h exhibited a 28 %
higher transmission in the 400-800 nm range than films deposited at
150°C, attributed to improved structural uniformity and reduced defects
[36]. Conversely, Obstarczyk et al. observed an 8 % decrease in visible
transmission after annealing at 800°C, resulting from the formation of a
bi-layer microstructure in EB-IAD-deposited TiO: films [37]. These
findings highlight that thermal annealing can either enhance or degrade
optical performance depending on its impact on microstructure and
crystallinity. Rao et al. fabricated SiO; film by EBD with assistance of
ionised oxygen and found only minor changes in optical properties with
substrate temperature and post thermal annealing [38].

Unlike most previous studies that primarily focus on achieving high
transmission and improved quality of AR coatings through post-thermal
annealing or surface functionalization, such post processing treatment
can deteriorate the optical performance due to change in thickness,
refractive index, and structural modification. This work aims to eluci-
date how in-situ substrate temperature regulates surface microstructure
and interfacial integrity during electron-beam-ion assisted deposition
(EB-IAD) to achieve higher optical transmission over a broad range of
460 — 1100 nm (including key laser wavelengths at 532 nm and 1064
nm) without post processing treatments. By correlating temperature-
dependent growth conditions with microstructure, structural phase
analysis, environmental stability, and broad optical response, a clear
structure-property relationship is established. The results identify an
optimal in-situ processing window that promotes dense and smooth
surface morphology, leading to durable, high-transmission broadband
AR coating. This study provides practical insights for laser and solar
energy system.
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2. Experimental procedure

High-purity SiO2 (99.99 %) and TizOs (99.99 %) granules were used
for deposition on double-side polished D263 glass substrates (25 mm
diameter, 1 mm thickness). Prior to deposition, the substrates were ul-
trasonically cleaned in isopropyl alcohol and acetone, followed by
drying using an ionized air gun. The deposition was performed using a
SYRUSpro 1350 system equipped with dual electron beam guns (EBG1
for SiO2, EBG2 for TiO2), an ion source, a neutralizer, and a rotating
Calotte holder. High vacuum generated with a diffusion pump and base
pressure was maintained at 5 x 10°® mbar. IAD was performed at 6500
W combined with Ar + O: flow of 120 sccm. The neutralizer was
employed to mitigate potential film damage from ion bombardment.
The substrate was rotated at 50 rpm to ensured uniform coating thick-
ness. Deposition rates were continuously monitored using a quartz
crystal microbalance system (QCMS), with rates set at 0.4 nm/s for SiO-
and 0.3 nm/s for TiO2. A Meissner trap, maintained at —150°C, was used
to capture residual water vapor and accelerate the pump-down process.

Film thickness calibration was conducted prior to multilayer depo-
sition, using separate depositions of 270 nm TiO2 on D263 glass (n =
1.52) and 275.6 nm SiO: on high-index glass (n = 1.8, O’Hara T1H6).
The thicknesses were verified by comparing the measured and simulated
transmission spectra. An eight-layer AR coating with structure air/
(HL)*/substrate was designed using Mcalc software (developed by
Biihler) for the 300-1100 nm wavelength range, where H and L denote
TiOz2 and SiO2, respectively. AR coating design was carried out by
following characteristic matrix method, as described in the supple-
mentary information. The individual layer thicknesses were optimized
using the needle optimization function, and the thickness values are
listed in Table 1. The multilayer films were deposited at substrate
temperatures of 120°C, 160°C, 180°C, 200°C, and 240°C to investigate
the temperature dependent microstructure and phase evolution of EB-
IAD multilayer AR coating. After full deposition cycle, substrates were
cooled to room temperature under vacuum to preserve film stoichiom-
etry from post-deposition oxidation and prevent moisture uptake. This
controlled temperature sequence enables a comprehensive understand-
ing of how substrate temperature contributes to film morphology and
optical response. The experiment was performed in triplicate for each
temperature to analyse AR coatings reproducibility. The error bars were
calculated using standard mean error (SME) in Eq. (3).

o
SME = ;s 3)
Where, N is the number of replicates, ¢ is the standard deviation

Optical transmission and reflection spectra were measured across the
400-1100 nm range using an Agilent Cary 7000 Universal Measurement
Spectrophotometer (UMS) with scan rate of 600 nm/min. The data was
collected at each 1 nm interval. Surface morphology and roughness were
characterized using tapping-mode atomic force microscopy (AFM,
Veeco Dimension 3100/V) over a 5 ym x 5 um area. The AFM mea-
surements were performed using a silicon probe with a nominal tip
radius of approximately < 10 nm. The average surface (R,) roughness
and average root mean square (RMS) roughness (Rq) were determined

Table 1
Designed thickness of multilayer broadband AR coating.

Number of layers Material Thickness (nm) Refractive index
1 SiO, 114.02 1.46
2 TiO2 30.38 2.41
3 SiO, 19.96 1.46
4 TiO, 83.53 2.41
5 SiO, 18.67 1.46
6 TiOy 35.83 2.41
7 SiO, 48.39 1.46
8 TiO, 12.32 2.41

Substrate 1.52
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from six randomly selected regions within each AFM image using
Gwyddion software (2.67) and their corresponding grain size was esti-
mated using texture (line-profile) function. The texture function extracts
a height profile along a selected scan line, and the lateral dimensions of
surface features were estimated from the peak-to-peak distances along
the x-axis of the profile.

Film adhesion was assessed in accordance with ISO 92114 by firmly
applying 3 M scotch tape to the deposited film and removing it at a 180°
angle. The film was then visually inspected under reflected light for any
sign of coating removal, and transmission spectra were recorded before
and after the tape test to verify the optical performance. In addition, a
cross-hatch tape test was performed following ASTM D3359. A lattice
pattern cut was made on the film using stainless steel blade with 1 mm
spacing. A tape was then attached firmly over the grid, ensuring no air
trapped beneath it, and subsequently removed at a 180° angle. After
tape removal, the substrate was examined using an optical microscope
(Nikon ECLIPSE E600) in bright field mode to detect any peeling or
delamination of coating. Adhesion strength was evaluated using the
ASTM D3359 rating method. The aging behaviour was evaluated by
maintaining the sample at ambient conditions for 60 days and re-
measuring their optical spectra.

The water contact angle measurements were performed to assess the
wettability of the SiO--TiO» multilayer coatings as a function of sub-
strate temperature. These properties are directly linked to nanoscale
roughness and porosity, which also influence environmental stability
and long-term optical performance. Water contact angles were
measured using Ossila L2004A, 10 L deionized water dropped on the
deposited film using Syringe. A monochromatic light helps background
to detect edges of droplet. Images of droplet captured by high resolution
camera with pixel size of 1920 x 1080. Water contact angle was
calculated using ImageJ software by applying drop analysis plugin.

Raman spectroscopy was performed with a Horiba LabRam HR
spectrometer. Spectra were collected using Peltier-cooled CCD detector
at 532 nm excitation and 100 X magnification objective with the
confocal hole reduced to 100 pm to increase spatial resolution and hence
ensure focus on the deposited films. The Raman laser used is a < 350
mW Cobalt Samba 100 and laser power at the sample surface was
measured with a Thorlabs P100D power meter as 2.5 mW. The spectra
were collected over the 60 — 1200 cm ! range with spectral resolution of
1em ™t

3. Results and discussion
3.1. TiO, and SiO; thickness calibration

Figures S1(a) and S1(b) display the transmission spectra for single-
layer TiO: and SiO: films, respectively. The experimental data closely
match the designed spectra, showing film thickness in control during
deposition. The Swanepoel method [39] was employed to further vali-
date TiO: film thickness and optical constants for three samples. Upper
and lower envelope fitting shown in Figures (S2a-S2c), the estimated
film thickness was approximately 268 nm, which was closely matching
the design value of 270 nm (Fig. S3). The refractive index dispersion
(Fig. $4) follows the Cauchy model, n = A + B/A%+C/A%, with an average
refractive index of ~2.41 at 500 nm, which was closer to the bulk value
of 2.5 [40].

The porosity ratio of TiO5 was calculated using the Eq. (4)

P=1-(n,>—1)/(ng®>—1) %100 )]

Where np, ng, are the refractive index of deposited film containing
nanoscale voids (porosity) and void free (bulk) films, respectively. The
TiO: film showed a porosity of ~8 %, which is 51 % lower than that of
films annealed at 300°C and prepared via RF magnetron sputtering [41].
For the SiO: film, Swanepoel analysis was not possible due to insufficient
interference fringes. Nevertheless, the experimental spectrum (Fig. S1b)
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aligns well with the design, suggesting the film thickness closely ap-
proximates the target value of 275.6 nm.

3.2. Optical properties of multilayer AR coating

Fig. 1(a) shows the transmission spectrum of a single-side-coated
sample deposited at 160°C. In the designed spectrum, the absorption
region is located around 400 nm, whereas for the film deposited at
160°C, this region shifts to approximately 460 nm. This shift is attrib-
uted to slight variations in film thickness and refractive index between
the designed and experimentally obtained values (see Fig. S3). However,
the spectrum in the range of 460-1100 nm shows close agreement with
the design, indicating that the discrepancies in this region are within an
acceptable range. All spectra presented in the manuscript are plotted
over the wavelength range of 400-1100 nm, as the focus of this study
lies within this spectral region. The average transmission between 460
and 1100 nm was 94.82 + 0.07 %, representing a 3.38 % increase
compared to the uncoated substrate. Moreover, the optical transmission
was increased by 4 + 0.09 % at 532 nm and 3.38 & 0.10 % at 1064 nm,
respectively.

100
90
80
70
60
50
40
30
20
10 —Deposited at 160°C

0 (1 I 1 I 1 I ' 1 1 1 1 I ' I I
300 500 700 900

Wavelength (nm)

1

(@)

—Design

Transmission (%)

—Uncoated

LR L L = s L LR L L

1100

100
90
80
70
60
50

\

T

(b)

(o)

ission

.

——Design

Transm
o)
o)

——Uncoated
20
10

0 PO T T T ST S S S U U T T T T W T N T T T T O W S

400 500 600 700 800 900 1000 1100
Wavelength (nm)

——Deposited at 160°C

——Deposited at 160°C-double side coated

Fig. 1. Measured transmission spectra of SiO>-TiOz AR coatings compared with
the uncoated substrate. (a) Single-side deposition at a substrate temperature of
160°C. (b) Double-side deposition at the same substrate temperature.
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Fig. 1(b) compares the optical transmission spectra of uncoated,
single-side, and double-side coated samples. The double-side-coated
sample deposited at 160°C achieved an average transmission of 98.14
+ 0.06 % over 460-1100 nm, representing a 6.54 % increase compared
to the uncoated glass. Optical transmission at 532 nm and 1064 nm,
increased up to 99.28 + 0.10 % and 98.52 + 0.09 %, respectively. This
shows enhancements of 8.72 % and 7.13 % over the uncoated substrate.
This enhancement is attributed to the increased level destructive inter-
ference from the double-side coated film due to alternating high (TiO3)/
low (SiOy) refractive index stack produces a phase shift that satisfies the
condition for destructive interference of reflected waves at the air-film/
film-substrate/film-air interfaces and reduced total Fresnel reflections.

Fig. 2(a) show the reflectance spectra of uncoated, single-side
coated, and double-side coated films in the wavelength range of
400-1100 nm. The single-side AR coating deposited at 160°C showed
reflectance reduced by approximately 39.12 + 0.02 % compared to the
uncoated film over the range of 460-1100 nm. In contrast, the double-
side coated AR film reduced average reflectance by 77.5 + 0.07 %,
which is almost twice the reduction achieved by the single-side AR
coating. This manifests the double-side coated AR film showed signifi-
cantly lower reflectance compared to the single-side coated AR film. The
average reflectance of the double-side coated AR film was approxi-
mately 1.84 + 0.02 % within the 460-1100 nm range, with the mini-
mum average reflectance of just 0.26 % observed between 470 and 532
nm. Furthermore, at 532 nm and 1064 nm, the single-side coated AR
film showed reflectance values of 4.5 + 0.04 % and 4.89 + 0.04 %
representing reductions of 46.11 % and 38.56 % compared to the un-
coated substrate. In comparison, the double-side coated AR film ach-
ieved reflectance values as low as 0.59 + 0.06 % at 532 nm and 1.56 +
0.04 % at 1064 nm, corresponding to reductions of 93.05 % and 80.40
%, respectively. The results show that the double-side coated AR film is
significantly more effective in reducing reflection compared to the
single-side coated AR film as shown in schematic diagram Fig. 2(b) and 2
©.

Figures S5 (a-d) and S6 (a-d) show the transmission and reflectance
spectra of films coated on both sides deposited at 120°C, 180°C, 200°C,
and 240°C substrate temperature. All double-side coated AR films
exhibited higher transmission and lower reflectance compared to the
single-side coated AR film. To investigate effect of substrate temperature
on transmission, the average transmission spectrum over the 460-1100
nm range was calculated and plotted as a function of substrate tem-
perature in Fig. 3(a). The results show that increasing transmission trend
with substrate temperature up to 180°C with highest average trans-
mission of 98.23 + 0.07 % is attributed to minimized scattering by a
dense amorphous structure. However, as the substrate temperature
increased to 240°C, the optical transmission decreased to 96.91 + 0.09
%, which associated with formation of more porous structure, as dis-
cussed in Section 3.3. The maximum average transmission of 99.54 +
0.04 % in the range 470 — 532 nm (Fig. 3(b)) and 98.63 + 0.12 % in the
range 950 — 1064 nm range (Fig. 3(c)) were achieved for films deposited
at the substrate temperature of 160°C and 180°C, respectively.

Fig. 3(d) illustrates the transmission peak value at 532 nm and 1064
nm as a function of substrate temperature. At a substrate temperature of
120°C, the transmission increased by approximately 8.0 & 0.05 % at 532
nm (indicated by solid white arrow mark) and 6.81 4+ 0.10 % at 1064 nm
(indicated by solid black arrow mark) compared to the uncoated sub-
strate transmission at 532 nm and 1064 nm, respectively. This
enhancement was further observed at 160°C, where transmission
increased by 8.72 + 0.10 % at 532 nm and 7.13 + 0.08 % at 1064 nm.
However, as the substrate temperature increased to 180°C, 200°C, and
240°C, the transmission improvement percentage reduced to 8.45 +
0.08 %, 8.25 + 0.07 %, 7.82 + 0.02 % at 532 nm and 6.96 + 0.11 %,
6.50 + 0.06 %, 5.64 + 0.03 % at 1064 nm. Transmission peak value in
the range 460 - 1100, 470 — 532 nm, 950 — 1064 nm, 532 nm, 1064 nm,
along with SME for each substrate temperature are shown in Table S1.
The results indicate good reproducibility across all substrate
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temperatures, as evidenced by the low SME values. Based on these re-
sults, the optimized substrate temperature lies between 160°C and
180°C. The film deposited at 160°C exhibited highest transmission
values of 99.28 + 0.10 % at 532 nm and 98.52 + 0.09 % at 1064 nm.
Meanwhile, the film deposited at 180°C achieved maximum average
transmission of 98.23 + 0.07 % over the broad spectral range of 460 —
1100 nm. The average reflectance, calculated over the wavelength range
of 460-1100 nm, is shown in Fig. 4. The lowest average reflectance of
1.71 + 0.03 % was achieved at a substrate temperature of 180°C,
whereas the reflectance increased to 2.56 + 0.05 % when the substrate
temperature was raised to 240°C. The decrease in transmission and the
corresponding increase in reflectance are attributed to microstructural
changes in the coating, as revealed by the AFM results.

3.3. Surface and microstructure analysis

Figs. 5 (a—e) present AFM images showing the microstructure of AR
coatings deposited at various substrate temperatures. As shown in Fig. 5
(a), a smooth surface with nanoscale granular particles were observed
from coating deposited at 120°C. At 160°C (Fig. 5(b)), the surface re-
mains smooth, however grain coarsening and agglomeration was
observed. The formation of these nanograins is attributed to the com-
bined effect of plasma-induced crystallization and substrate temperature
[42]. At 180°C, the film surface appears primarily smooth with fewer
protruding particles (Fig. 5(c)), which is attributed to the formation of a
dense amorphous structure with well-controlled morphology. However,
as the substrate temperature increases the film surface turned to a rough
texture with varying pore size (209.7 — 345 nm) at 200°C (Fig. 5(d)). The
coating deposited at 240°C (Fig. 5(e)) exhibits a degraded microstruc-
ture characterized by numerous pores of varying sizes (182-463 nm),
indicating increased structural disorder at elevated temperatures. In this
framework, at moderate temperatures (160-180°C), ion bombardment
and thermal activation act synergistically to promote dense, smooth,
and optically optimal films. At higher temperatures (>200°C), however,
this balance shifts, leading to enhanced pore, and microstructural
degradation despite continued ion assistance. The formation of these
pores may be attributed to the trapping of Ar gas within the SiO; film
during ion-assisted deposition. The trapped atoms can coalesce into
aggregated nanobubbles, which subsequently release with higher sub-
strate temperatures, leaving behind porous features in the film matrix.
This phenomenon has also been reported in SiOs film prepared by IBS,
where Ar entrapment and nanobubble evolution were observed upon
thermal activation [43]. Nevertheless, a more detail experimental
investigation such as cross-section scanning electron microscope (SEM)
or transmission electron microscopy (TEM), gas desorption or mass
spectroscopy analysis is required to confirm pore distribution and to
elucidate the dominant mechanism governing pore formation at higher
substrate temperatures.

Fig. 6(a) shows the average surface roughness (R,) as a function of
substrate temperature. A gradual increase in R, is observed with
increasing substrate temperature, reaching 305.95 + 31.96 pm at
180°C, then stabilizing around 310 + 37.3 pm at 200°C, and slightly
decreasing to 309.6 + 28.44 pm at 240°C. A similar trend is observed for
the average RMS roughness (Ry), as shown in Fig. 6(b), where the Rq
increases to 439.80 + 80.74 pm at 180°C, saturates near 473.49 + 69.92
pm at 200°C, and decreases to 418.47 + 55.39 pm at 240°C. At 240°C,
numerous nanoscale pores were formed, as seen in the Fig. 5(e), which
modified the surface topography and redistributes the height variations,
this led to a reduction in RMS roughness despite the presence of larger
pores. Notably, the surface roughness values indicate that the surface
remains exceptionally smooth, consistent with an amorphous structure.
The pore size distribution was estimated using line profiles of the porous
regions on the AFM image. Fig. 6(c) shows the average pore size as a
function of substrate temperature. According to AFM results, pores
begin to form after 180°C with average size of 289.8 + 41.0 nm at
200°C. At 240°C, numerous pores were observed with an average size of
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(indicated by white and black arrows).

300.54 + 15.96 nm. The variation of grain size as function of substrate

;\? 3 F temperature is shown in Fig. 6(d). At 120°C, the average grain size was
~ o approximately 121.2 + 19.12 nm, increasing to 313.2 + 11.80 nm at
£ 2.8 _ 160°C, followed by a decrease at 180°C due to the dense packing of the
é 2.6 F amorphous structure. The grain size then remained nearly constant with
= F further increases in substrate temperature, as pore formation became the
'T 2.4 - dominant structural feature.
= 22 F
o r
: 2 F 3.4. Structural and phase analysis
= 18 E
8 T The presence of an amorphous phase with embedded nanocrystalline
S 16 F structures was confirmed by Raman spectroscopy. As shown in Fig. S7,
% F all samples predominantly exhibited an amorphous structure, along
a7 1.4 _ with characteristic peaks of anatase TiO2 at 144 cm™'. Additionally,
$12 F broad SiO: bands were observed at 458 cm™, 606 cm™, and 912 cm™.
g L These Raman peaks are consistent with previously reported values [44,
I 1 45]. Notably, the detection of anatase TiO: indicates that the Raman
< 100 120 140 160 180 200 220 240 260 laser was able to penetrate the top SiO: layer. The Raman signal in-
Substrate temperature (°C) tensity increased with substrate temperature up to 200°C, but decreased
at 240°C, likely due to increased porosity. The broad SiO: peaks suggest
Fig. 4. Average reflectance of SiO»>-TiO. multilayer coatings, calculated over a mixture of amorphous and nanocrystalline phases, which is in good
the 460-1100 nm range, as a function of substrate temperature. agreement with the AFM results.
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Fig. 5. AFM surface morphology images of SiO--TiOz AR coatings deposited at different substrate temperatures: (a) 120°C, (b) 160°C, (c) 180°C, (d) 200°C, and

(e) 240°C.
3.5. Absorption coefficients

The presence of defects in the form of pores leads to surface ab-
sorption and optical scattering reducing the transmission of light
through AR coating and supported by the Mie theory suggesting surface
pores larger than 70 nm led to a significant reduction in transmission
[46]. This validates the optical transmission reducing to 96.91+ 0.09 %
from AR coating deposited at 240°C in the 460-1100 nm range attrib-
uted to the distribution of variable pore size (182 - 463 nm) in the
microstructure.

The absorption coefficient («) was estimated using Eq. (5)

a = 2.303xA/d )

Where a, A, and d is absorption coefficient, absorbance, and film
thickness, respectively.

Fig. 7(a) shows the absorption coefficient of the double-side coated
AR films as a function of wavelength. The AR film deposited at 180°C
exhibited the lowest absorption coefficient, 0.288 + 0.012 cm ™! at 603
nm and 0.232 + 0.012 cm ™! at 847 nm. In contrast, higher absorption
coefficients of 0.342 + 0.006 cm ' and 0.372 + 0.06 cm™! were
observed for the film deposited at 200°C, as evidenced by a pronounced
peak at 603 nm and 859 nm, respectively. At a substrate temperature of
240°C, the absorption coefficient increased further to 0.462 + 0.012
em ! and 0.420 + 0.012 cm ™!, with prominent peaks were observed at
608 nm and 900 nm. The increase in absorption coefficient at 200°C and
240°C is attributed to the defected microstructure of the film, charac-
terized by the presence of pores. The average absorption coefficient over

the range of 460-1100 nm is plotted as a function of substrate temper-
ature in Fig. 7(b). The results show that the absorption coefficient de-
creases with increasing substrate temperature up to 180°C, reaching a
minimum of 0.178 + 0.012 cm™!. However, at 240°C the absorption
coefficient increased to 0.313 4 0.012 cm™ attributed to enhanced op-
tical scattering.

3.6. Scattering factor

The effect of pore size on the scattering factor was calculated using
Eq. (6):

S = nd/a (6)

Where S is the scattering factor, d is the average pore size, A is the
wavelength, and = is the constant, respectively. Fig. 8 shows the scat-
tering factor of pores as a function of wavelength. The results indicated
that large pore size, particularly for the film deposited at 240°C, lead to
significantly higher scattering, especially at shorter wavelengths (e.g.,
300 nm), where the pore size becomes comparable to the wavelength of
incident light. As the wavelength increases, the scattering intensity de-
creases, which aligns well with prediction of Mie theory, where scat-
tering is more pronounced when the pore size is comparable to the
wavelength. This trend demonstrates that microstructural features such
as pore size play a crucial role in determining the optical behaviour of
AR coatings. The larger pores not only increase scattering losses but may
also introduce irregularities in the refractive index distribution, which
can further reduce optical performance. Therefore, controlling pore size
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during deposition is essential for optimizing the balance between film
porosity and optical efficiency in SiO»-TiOy multilayer AR coatings.

3.7. Adhesion test

Figures S8 (a—e) compare the optical transmission spectra of the
SiO2>-TiO: films before and after the tape-peeling test. The transmission
curves remain essentially unchanged for all samples deposited at
different substrate temperatures, confirming that no optical degradation

or delamination occurred following the adhesion test. This result dem-
onstrates that the films maintain structural integrity and optical prop-
erties. In addition, adhesion strength was further evaluated using the
cross-hatch tape test following the ASTM D3359 standard. The corre-
sponding optical micrographs in Fig. 9 (a—e) show clean and intact cross-
cut regions with no visible peeling, cracking, or edge lifting at any
substrate temperature. According to the ASTM classification, all coat-
ings achieved a Grade 5B rating, signifying excellent adhesion between
the multilayer films and the substrate.
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Fig. 8. Scattering factor of the films with pore size 289.8 + 41.0 nm and
300.54 + 15.96 nm as a function of wavelength.

The outstanding adhesion performance can be attributed to several
interrelated factors intrinsic to the electron-beam ion-assisted deposi-
tion (EB-IAD) process. During deposition, energetic ion bombardment
from the ion source enhances adatom mobility and stimulates interfacial
intermixing between the initial SiO2/TiO: layers and the substrate sur-
face. This dynamic process produces a densified interfacial region with
improved atomic packing. The substrate temperature also plays a key
role in determining interfacial quality. At moderate temperatures
(160°C and 180°C), enhanced surface diffusion allows atoms to arrange
into stable bonding configurations without inducing thermal stress,
leading to optimal adhesion. At higher temperatures (>200°C),
although minor surface roughening and porosity appear, the adhesion
remains robust due to the dense substructure established early in
deposition.
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3.8. Aging test

The optical transmission spectra before and after aging test are
plotted as a function of wavelength in Fig. 10 (a—e). Results indicated
insignificant change in transmission for all the AR coatings deposited
except for 240°C. The stability of the lower-temperature coatings (<
200°C) can be explained by the compact amorphous microstructure
achieved through ion-assisted deposition. The energetic ion bombard-
ment during EB-IAD promotes densification, reduces surface porosity,
and enhances interlayer adhesion, thereby limiting pathways for mois-
ture penetration. The later exhibited a noticeable decrease transmission
in Fig. 10(e) showing a reduction of approximately 0.66 % at 240°C.
This decline is due to the microstructural coarsening and pore enlarge-
ment with average size of 300.54 +15.96 nm occurs at elevated sub-
strate temperature. Such large pores act as a scattering centre, and over
time they can facilitate moisture absorption, modify the refractive index
and increase diffusion scattering. These leads to decrease in the trans-
mission after environmental exposure.

3.9. Water contact angle measurement

Figs. 11 (a—f) shows the images of water droplets on the AR coatings
deposited at various substrate temperatures. The contact angle as a
function of substrate temperature is shown in Fig. 11(g). Results show
that the contact angle increases with increasing substrate temperature
slightly up to 180°C as compared with uncoated substrate. The steep
increment contact angle of 64.4° (+ 1°) was observed at 240°C, which
can be attributed to the increased porosity of the film and modified
surface roughness. These pores trapped air beneath the droplet and
reduced the effective solid-liquid contact area leading to increase the
contact angle. Notably, film deposited at 160°C and 180°C contact an-
gles were below 90°, confirming that the surfaces of films show hydro-
philic behaviour, which can be suitable for self-cleaning purpose for
solar cell thereby helping to maintain high optical transmission under
real operating conditions.

4. Benchmarking against the state-of-the-art coating techniques

Compared to the state-of-the-art, the EB-IAD fabricated SiO>-TiO2 AR

Fig. 9. Cross-hatch adhesion-test results for SiO--TiO: coatings deposited at substrate temperatures of (a) 120°C, (b) 160°C, (c) 180°C, (d) 200°C, and (e) 240°C. All
coatings show Grade 5B according to ASTM D3359 standard, indicating strong adhesion with no film removal.
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Fig. 10. Transmission spectra of SiO>-TiO2 AR coatings measured before and after two months of ambient aging for samples deposited at substrate temperatures of

(a) 120°C, (b) 160°C, (c) 180°C, (d) 200°C, and (e) 240°C.

coatings presented in this work demonstrate competitive optical per-
formance across major benchmarks. Advanced sol-gel multilayers have
achieved high transmission, for example, Liu et al. reported a A/4-\/4
double-layer sol-gel design with an almost constant transmittance of
99.41 % across 450-900 nm with <1 % fluctuation, maintaining sta-
bility after two weeks at 50 % humidity [47], while Lin et al. achieved
98.8 % transmission at 550 nm [48]. Li et al. obtained 97.33 % trans-
mission in the range 550 — 1100 nm using refractive index graded
structure strategy by sol-gel [23]. Haritha et al. further improved
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durability by modifying the top SiOj layer with triethoxy(octyl)silane
(OTES) treatment, maintaining 98.8 % transmission in the range 440 —
800 nm [49]. Despite these advances in optical performance, sol-gel
coating often exhibits high porosity, weak adhesion, limited humidity
resistance unless additional surface functionalization or post annealing
is employed. IBS based multilayers achieved exceptionally low reflec-
tance <0.001 % at the design line on large substrates [50] they often rely
on porous layers or costly, high-complexity processing. Magnetron
sputtered coating also provides dense, durable films with enhanced
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hardness, for example, Zambrano et al. improved hardness of AR coating
about 7.0 GPa + 0.7 GPa without degrading transmission 92.82 % in the
range 400 — 700 nm by incorporating 1.at% Zr and thermal annealing at
400°C [26]. Mazur et al. reported exceeding transmission of 97 % in the
range 460 — 800 nm and improved hardness of 9.34 GPa + 0.3 GPa by
adding a protective TiO, top layer using microwave assisted magnetron
sputtering [6]. Jeong et al. reported up to 99.0 % transmission in the
range 550 — 700 nm using RF magnetron [51], while Zhao et al. reported
93.19 % transmission in the broadband range 400 — 1000 nm using
bilayer SiO5/TiOy by magnetron sputtering [27]. EBD SiO-TiO film
reached average transmission of 90.02 % in the range 400 — 900 nm
[32]. Previous EB-IAD studies achieved 95.21 % transmission in the
range 400 - 640 nm by transforming amorphous TiO through higher ion
energy (750 eV) bombardment [52]. In contrast, the present study
achieves transmittance of 99.54 % =+ 0.04 in the 470-532 nm range and
98.63 + 0.12 % in the range 950 —1064 nm, 99.28 + 0.1 % at 532 nm
and 98.52 + 0.08 % at 1064 nm, together with a broadband average
transmission of 98.23 + 0.07 % over 460-1100 nm, using a relatively
simple bilayer structure and moderate substrate temperature (160°C and
180°C) without post deposition annealing. Furthermore, film exhibited
exceptionally low RMS,y values (0.35 4 0.006 nm at 160°C and 0.44 +
0.08 nm at 180°C) and its strong adhesion led to reduced optical scat-
tering. These results surpass most reported sol-gel and sputtering-based
coating system under comparable spectral ranges as shown in the
Table 2. This balances optical performance with processing practicality.
Moreover, unlike porous sol-gel designs that often require additional
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hydrophobic treatments to ensure long-term stability [22].

To further highlight the advantage of EB-IAD over conventional EBD,
a direct comparison was performed for SiO>-TiO: coatings deposited at
160°C (Fig. S9). The EBD film exhibited an average transmission of
95.94 + 0.10 % over 460-1100 nm, which is approximately 2.2 % lower
than the corresponding EB-IAD AR coating (98.14 + 0.06 %). In addi-
tion, absorption region in the EBD film was shifted to 514 nm. This
behaviour is attributed to variations in film thickness, and refractive
index. Although the EBD film showed slightly higher transmission at
longer wavelengths (99.08 + 0.07 % over 950-1064 nm and 99.70 +
0.07 % at 1064 nm), a more detailed investigation is required to eluci-
date the origin of this long-wavelength enhancement. Overall, the dense
microstructure achieved through EB-IAD coatings ensure inherent
environmental durability and laser-grade adhesion without post-
treatment. Therefore, the current approach stands out by offering
broadband low reflectance, strong mechanical stability, and straight-
forward implementation in optical systems requiring moderate thermal
budgets.

5. Conclusions

This study highlights the critical role of substrate temperature in
optimizing the optical and structural performance of SiO>-TiO> multi-
layer AR coating fabricated using EB-IAD process. Optimal transmission
(up to 99.54 + 0.04 %) and minimal reflectance (as low as 0.26 + 0.02
%) were achieved at 160°C, with similarly excellent results were
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Table 2
Comparison of optical transmission results for various substrate temperatures from published literature.
Preparation method Material Substrate Average Average transmission Average transmission Transmission (%) Transmission (%) Adhesion Roughness Reference
temperature (°C) transmission (%) 470 — 532nm (%) 950 — 1064nm at 532 nm at 1064 nm
Sol-gel, dip coating Si0,-TiOy/ Heat treated at 95.27 (400 — 95.87 95.15 95.64 95.26 - 7 — 24.99 nm Ref [22]
SiO, 400°C for 2h 1100 nm) (Ra)
Sol-gel, dip coating Si02-TiOy Heat treated at 97.33 (550 - - 95.74 - 95.66 - - Ref [23]
200°C for 30 min 1100 nm)
Sol-gel, dip coating Si0,-TiO, Heat treated at 99.41 (450 — 99.28 99.59 - 0.35 - 4.65 Ref [48]
400°C for 2h 900 nm) nm (Rg)
Sol-gel, dip coating Si05-TiO5 Heat treated at 93.44 (400 — 98.98 88.78 98.98 80.0 - - Ref [49]
500°C for 2h 1100 nm)
Sol-gel, dip coating Si05-TiO, Heat treated at 98.8 (440 — 800 98.05 98.07 Excellent - Ref [50]
150°Cfor1h nm) (Cross-hatch test)
Magnetron sputtering Si05-TiO5 Room temperature 99.0 (550-700 98.80 98.96 - 1-10nm (Ry) Ref. [52]
nm)
Microwave assisted Si0,-TiO5 < 100°C 97.41% (460 — 98.44 98.54 - 1. 5nm (Ry) Ref. [6]
magnetron 800 nm)
sputtering
RF magnetron Si05-TiO, Room temperature 93.19 95.56 92.06 95.57 92.01 - - Ref. [27]
sputtering (400-1100 nm)
RF magnetron Zr-doped (1.at Heat treated at 92.82 (400 — 93.53 93.67 Good (observed by 0.96 — 1.96 Ref. [26]
sputtering %) SiO,-TiO, 400°Cfor1h 750 nm) cross-section TEM) nm (Rg)
E-beam evaporation Si0,-TiO5 250°C 90.02 (400 - 88.94 89.79 - - Ref. [32]
900 nm)
E-beam evaporation Si05-TiO, 160°C 95.94 (460 — 88.37 99.08 92.56 99.70 - - This work
1100 nm)
EB + IAD Si0,-TiO, 150°C 95.21 (400 — 95.48 95.39 - - Ref. [53]
640)
EB + IAD Si0,-TiO, 160°C 98.14 99.54 98.47 99.28 98.52 Excellent (cross- 0.35 + 0.006 This work
(400-1100 nm) hatch test) nm (Rg)
EB + IAD Si05-TiO, 180°C 98.23 99.4 98.63 98.84 98.37 Excellent (cross- 0.44 + 0.08 This work
(400-1100 nm) hatch test) nm (Rg)
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erved at 180°C. In contrast, substrate temperatures above 200°C led

to microstructural degradation and reduced optical efficiency due to
increased pores and micro-structural defects. The coating exhibited
strong interfacial adhesion (ASTM 5B), environmental stability, and
hydrophilic character. Overall, maintaining substrate temperatures in-

situ

between 160°C and 180°C yields high-performance broadband AR

coating (460-1100 nm) suitable for manufacturing high damage
threshold laser optics and high-efficiency solar energy applications.
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