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The wide-angle broadband antireﬂective coatings (ARCs) were fabricated by a sol–gel method and covered on a
soda-lime glass substrate by using dip-coating process. The crystal structural, morphological and antireﬂection
performance of ARCs were characterized by X-ray diﬀraction (XRD), ﬁeld emission scanning electron microscopy (FESEM), ultraviolet spectrophotometer (UV–vis), etc. In addition, the optimal experimental parameters of
each coating were obtained by optical ﬁlm design software combined with experimental characterization. The
average transmittance of the wide-angle broadband ARCs is 9% higher than 88.90 % of the soda-lime glass
substrate in the range of 400−1200 nm. Furthermore, the preliminary evaluation of wear resistance shows that
the antireﬂective performance of the coating was stable before and after the friction test. All the excellent
antireﬂective performance and abrasion-resistance aﬀorded the ARCs with potential application in ﬁelds of
construction, medical, new energy, military, etc.

1. Introduction
Antireﬂective coatings (ARCs) can eﬀectively reduce unwanted reﬂection losses and improve the needful transmittance in an extensive
wavelength range and has been widely used in many related equipment
such as construction glass, computer display screen, military

⁎

equipment, light-emitting diodes, architectural glasses, windscreens
and high power laser system [1–3]. Especially in the photovoltaic ﬁeld,
the antireﬂection ﬁlm glass used in solar photovoltaic can signiﬁcantly
enhance the photoelectric conversion eﬃciency of solar cells, reduce
the cost of photovoltaic power generation, and enhance their comprehensive competitiveness in the market. To fabricate ARC, diﬀerent
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Fig. 1. The FT-IR spectra of (a) base-catalyzed SiO2 and (e) acid-catalyzed SiO2 sol. The XRD curves of (b) base-catalyzed SiO2, (d) MgF2 and (f) acid-catalyzed SiO2
coating. The EDX image of (c) MgF2..

(1), it can be seen that when n 0 and n1 are equal, the reﬂectance can
reach 0%. Beside, covering the surface of the exit medium with an
antireﬂection coating is an eﬀective measure to meet the above conditions. To obtain the minimum reﬂectance, the optimal refractive
index can be calculated follow:

method have been used, including reactive ion etching [4], electron
beam (e-beam) evaporation, magnetron sputtering, plasma-enhanced
chemical vapor deposition (PECVD) [5,6], Atomic layer deposition
(ALD) [7] and sol-gel process together either with layer-by-layer [8],
spin-coating [9,10], dip-coating [11] or spray-coating process [12].
Among these preparation methods, the sol-gel process has been used to
obtain various antireﬂective thin ﬁlms in view of its simple craft, low
cost, high quality and mass production [13,14]. Thus, the sol-gel
method has become the mainstream method for preparing ARC on the
glass surface of photovoltaic module cover plates. In the past few years,
all kind of materials with potential applications are used to make antireﬂection coatings, such as: TiO2, SiC–SiO2, Al2O3, SiO, ZnO, CaF2,
ZnSe, SiO2-TiO2, ZnS, a-SiNx, Ta2O5 and Si3N4 [15–25]. According to
Fresnel theory, the reﬂectance of solar photovoltaic glass can be given
by:

n1 = (nair ns )1/2

where n1, nair and ns are refractive indexes of the ARCs, incident
medium (air, n1 = 1) and substrate (soda-lime glass, ns = 1.51), respectively [28]. Therefore, if the surface of a soda-lime glass covered
with ARC needs to obtain 100 % transmittance, the optimal refractive
index of ARC should be 1.22. Agustín-Sáenz et al. prepared a multifunctional ARC applied to the ﬁeld of concentrated solar energy by solgel process and explored the inﬂuence of sintering temperature on the
durability of the coating [29]. Chen et al. have been prepared a ZnO
nanorod array as ARCs by using a sol-gel method. The ZnO ARC can
improve the eﬃciency of polycrystalline silicon solar energy from
10.4%–12.8% through a light-capturing structure [30].
However, the antireﬂection performances of these coatings were
limited by its structure, that is, refractive index or number of layers of
the coating. In addition, ARCs must ensure stable and high

2

nair ns − n12 ⎞
R = ⎜⎛
2⎟
⎝ nair ns + n1 ⎠

(2)

(1)

where R , ns , nair and n1 are the reﬂectance, the refractive index of the
substrate, incident medium and coating, respectively [26,27]. From Eq.
2
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Fig. 2. Scanning electron microscope images of the EDX mapping (a)-(d) and the XRD image of (e).
Table 1
The parameters of each coating that makes up the wide-angle broadband ARC
are obtained by Macleod.
Layer position

material

thickness (nm)

The refractive index (λ = 550 nm)

Layer
Layer
Layer
Layer
Layer

SiO2
SiO2
MgF2-SiO2
MgF2-SiO2
MgF2-SiO2

78.85
79.95
80.09
79.96
80.00

1.12
1.15
1.20
1.25
1.28

1
2
3
4
5

transmittance during long-term use. To achieve this goal, ARCs must
have some characteristics such as abrasion resistance, photocatalysis
and superhydrophobic [31–40]. Tao et al. used a sol-gel dip coating
process to prepare a multifunctional ARC composed of base-catalyzed
SiO2 nanoparticle, hollow SiO2 nanoparticle and TiO2 nanoparticle.
This coating has been proven to be stable under severe conditions of
high temperature and high humidity through multiple evaluation tests
optical performance [41]. Jannat et al. developed a sol-gel spin coating
process to prepare SiC–SiO2 ARC for crystalline silicon solar cells [42].

Fig. 3. The transmittance curves of the substrates coated with layer 1, layer 2,
layer 3, layer 4, layer 5 and wide-angle broadband ARC at the incident angle of
0°, respectively.

3
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Fig. 4. The three-dimensional graph of transmittance with single (b) layer 1, (c) layer 2, (d) layer 3, (e) layer 4, (f) layer 5 and (a) wide-angle broadband ARC at
diﬀerent incident angles (0-90°) and wavelengths (300-1800 nm).

potential in areas such as new energy power generation.

Lien et al. successfully prepared TiO2 monolayer, SiO2/TiO2 bilayer and
SiO2/SiO2-TiO2/TiO2 multilayer ARCs on the monocrystalline Si solar
cells by spin-coating process [43]. However, these layers are only
single-layer or double-layer structures and cannot achieve broadband
antireﬂection performance.
In this research, wide-angle broadband ARC was prepared by sol-gel
method. We fabricated low refractive index SiO2 coatings and MgF2SiO2 composite coatings with diﬀerent refractive index using the dipcoating process. Multilayer wide-angle broadband ARCs can be obtained by using SiO2 with MgF2-SiO2 coatings with diﬀerent refractive
indices. The optimal parameters of each coating that make up the
multilayer ﬁlm were obtained through a combination of ﬁlm design
software and experiments. Meanwhile, the eﬀect of various factors on
the property of the coating during the preparation process was investigated. Besides, the abrasion resistance of the multilayer wide-angle
broadband ARCs was measured initially by friction test. The soda-lime
glass coated with wide-angle broadband ARCs has a signiﬁcantly higher
transmittance than the pure substrate in a wide wavelength range of
400−1200 nm. Compared with electron beam evaporation, magnetron
sputtering and atomic layer deposition technology, these processes
have the advantages of low cost, simple operation, and are suitable for
large-scale commercial production. The ARCs may have huge market

2. Experimental details
2.1. Materials
Soda-lime glass (South China Xiangcheng Technology, Changsha,
China) of 20 × 70 × 1.5mm were used as the substrates. Absolute
ethanol (EtOH, 99 %) and Methanol (MeOH, 99 %) were obtained from
Tianjin. Tetraethoxysilane (TEOS, 99 %), nitric acid (HNO3, 97 %),
hydroﬂuoric acid (HF, 40 %) and ammonia (NH3∙H2O, 28 %) were all
obtained from Tianjin Fengchuan Chemical Reagent Technology Co.,
Ltd. Magnesium acetate tetrahydrate (Mg(Ac)2∙4H2O, 99 %) was obtained from Aladdin. Triton X-100 (TX-100, 98 %) was purchased from
Macklin. All reagents and solvents were of analytical reagent grade. The
water (H2O) was deionized by distilled water manufacturing system.
The acid-catalyzed SiO2, base-catalyzed SiO2 and MgF2 sol used in the
preparation process are all self-made in the laboratory.
2.2. Preparation of SiO2 sol
The acid-catalyzed SiO2 sol was prepared according to Hao et al.
4
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Fig. 5. The transmittance curves with single (b) layer 1, (c) layer 2, (d) layer 3, (e) layer 4, (f) layer 5 and (a) wide-angle broadband ARC at incident angle of 70°,
where p-pol, s-pol and mean-pol represent p-polarized, s-polarized and average transmittances, respectively.

2.3. Preparation of SiO2 sol with low refractive index

Table 2
Inﬂuence of temperature on the performance parameters of MgF2 coatings.
Samples

temperature/°C

time/h

n

d/nm

porosity/%

M-100
M-130
M-160
M-190
M-210

100
130
160
190
210

24
24
24
24
24

1.35
1.28
1.19
1.17
1.15

79.6
81.4
83.1
85.9
85.6

80
82
87
89
92

The base-catalyzed SiO2 sol was obtained based on the process used
by Section 2.2 above. After being aged for 24 h, the TX-100/SiO2 mixed
sol with TX-100 concentration of 0, 5, 10, 15, 18, 20, 25, 30, 35, 40 45
and 50 g/L was obtained By adding TX-100 with diﬀerent volume
fractions into the solution. The sols are denoted as “A-X”, in which X
means the TX-100 concentration. That is, the sols prepared from various TX-100 concentrations (from 0 to 50) are abbreviated as A-0, A-5,
A-10, A-15, A-18, A-20, A-25, A-30, A-35, A-40, A-45, and A-50, respectively.

report [44]. The acid-catalyzed SiO2 sol was synthesized using TEOS as
precursor, HNO3 as catalyst and EtOH as solvent. Then, TEOS, EtOH,
H2O, and HNO3 in a molar ratio of 1: 10: 15: 0.05 were mixed under
stirring for 2 h and aged for 24 h. The base-catalyzed SiO2 sol was
prepared based on the procedure used by Stöber et al. [45]. TEOS,
EtOH, NH3∙H2O and H2O with molar ratio of 1:180:3:16 were mixed
and stirred for 2 h at room temperature, then aged for 3 days to get sol.

2.4. Preparation of MgF2 sol
The MgF2 sol was synthesized by hydrolysis and polymerization
reactions of in Mg(OAc)2 the catalyst of HF. 1.96 g of Mg(OAc)2 and
80 mL of MeOH were ﬁrst mixed until the solution was homogenous.
Then, 0.3 mL of HF was tardily added into a MeOH solution of Mg
(OAc)2 under vigorous stirring. Finally, the mixed solution was reacted
at 100, 130, 160, 190 and 210 °C for 24 h. The sols are denoted as “M5
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Fig. 6. The TEM images of (a) M-100, (b) M-150, (c) M-200.

Fig. 7. Particle size distributions of (a) M-100, (b) M-150, (c) M-200.

2.5. Preparation of MgF2-SiO2 sol

X”, in which X means the reaction temperature. That is, the sols prepared in various reaction temperatures (from 100 to 200 °C) are abbreviated as M-100, M-130, M-160, M-190 and M-210, respectively.

The MgF2-SiO2 sol was prepared from the mixture of acid-catalyzed
SiO2 sol and MgF2 sol having reaction temperature of 200 °C with different SiO2/MgF2 sol volume ratio to obtain the suitable refractive
6
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Fig. 8. The FESEM image of SiO2 coating by diﬀerent catalysts (a) base (NH3∙H2O), (b) acid (HNO3).

Fig. 9. Particle size distributions of SiO2 sols prepared by diﬀerent catalysts (a) base (NH3∙H2O), (b) acid (HNO3).

Fig. 10. The TEM images of (a) T-0.1, (b) T-0.2, (c) T-0.3, (d) T-0.4, (e) T-0, (f) pure SiO2, (g) MgF2 sol particle, (h) SiO2 sol particle.
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2.6. Film deposition
The soda-lime glasses (size: 20 × 70 × 1.5mm and refractive index
n = 1.513) were used as the substrate. It was cleaned and dried through
N2 before deposition. Synthesis of MgF2-SiO2 mixed sol for. The bottom
layer 3, layer 4 and layer 5 were fabricated using SiO2/MgF2 mixed sols
with diﬀerent volume ratios by dip-coating process. The top layer 1 and
layer 2 were obtained using SiO2 sols containing diﬀerent TX-100
concentrations. The top layers were prepared using SiO2 sol by sol-gel
dip-coating process and coating thickness can be controlled by adjusting the withdraw rate. When each layer of the broadband wideangle antireﬂection coating is deposited, the layer 1, layer 2, layer 3,
layer 4 and layer 5 will anneal at 300, 300, 200, 200 and 200 °C for 1 h,
respectively.
2.7. Characterization
Fig. 11. The refractive index of coatings with diﬀerent SiO2/MgF2 sol volume
ratios.

The optical software (Macleod) was used to design wide-angle
broadband ARCs and obtain the parameters of each layer of the ﬁvelayer coating. The micro-morphology of the coating was observed using
a ﬁeld emission scanning electron microscope (FE-SEM, JSM-IT200,
JEOL), and the elemental composition of the coating was analyzed by
EDX mapping. The chemical composition of the coating was measured
through Fourier transform infrared spectrometer. (FT-IR, IS10, Thermo
Scientiﬁc). The crystal structure of the coating was observed by X-ray
diﬀraction (XRD, d/max-2400, Rigaku). The transmittance spectrum of
substrate coated with wide-angle broadband ARCs was recorded by UV
spectrophotometer (UV–vis, UV-3150, Shimadzu). The refractive index
and coating thickness were measured by a spectroscopic ellipsometry
(Sentech SE800PV). The physical thickness and refractive index of the
coating are obtained by an ellipsometer (SEeVM, Yiguang Technology).
The structure and morphology of sol particles was shown by transmission electron microscopy (TEM, Zeiss, Libra 120).
The soda-lime glass coated with ARCs was placed on the test bench
and ﬁxed, and then the friction device on the test bench was started to
wipe the surface of the sample. When the friction times reach to 0, 20,
40, 60 and 70 the average transmittance of the ARCs were measured by
the UV–vis spectrophotometer in the range of 400−1200 nm. And
abrasion resistance of the coating can be measured by studying the
change in average transmittance.

Fig. 12. The refractive index of coatings with diﬀerent the concentration of TX100.
Table 3
Diﬀerent sols used in the various layers that make up the wide-angle broadband
ARC.
Layer

1

2

3

4

5

Material (sol)

A-30

A-18

T-0.13

T-0.15

T-0.32

3. Results and discussion
3.1. FT-IR, XRD and EDX analysis
Fig. 1 shows the FT-IR spectrum, EDX and XRD images of SiO2 and
MgF2 coating (Fig. 1 a–f correspond to the base-catalyzed SiO2 FT-IR,
base-catalyzed SiO2 XRD, MgF2 EDX, MgF2 XRD, acid-catalyzed SiO2
FT-IR and acid-catalyzed SiO2 FT-IR). The FT-IR spectrum of base-catalyzed SiO2 coating was demonstrated in Fig. 1(a). It can be seen that
the three strong absorption peaks at 1081, 801 and 456 cm−1, corresponding to the antisymmetric stretching vibration of Si-O-Si bond and
symmetrical telescopic vibration of Si-O bond [46]. The peaks at 3452
and 1639 cm−1, corresponding to − OH and H − OeH bending vibrations of H2O. The adsorption of water vapor in the air on the coating
surface leads to the appearance of the above two strong absorption
peaks [47]. The FT-IR spectrum of acid-catalyzed SiO2 ﬁlm was also
recorded in Fig. 1(e) and the absorption peaks are basically consistent
with the FT-IR of the base-catalyzed SiO2. The result indicated that the
hydrolysis and condensation of TEOS occur in base-catalyzed and acidcatalyzed solution, and a SiO2 coating was formed on the surface of
substrate after annealing.
Moreover, the XRD image of base-catalyzed and acid-catalyzed SiO2
was shown in Fig. 1(b) and 1(f), respectively. The EDX image of MgF2
coating was illustrated in Fig.1(c). It can be observed that the ﬂuorine
and magnesium elements are present in the coating in an approximate

Table 4
Thickness of diﬀerent types of coatings was measured at diﬀerent withdrawal
rates.
Withdrawal rate (um/s)

300

350

400

450

500

550

600

Layer
Layer
Layer
Layer
Layer

72.3
70.1
67.1
65.1
61.2

77.1
75.2
69.2
67.2
63.2

79.2
77.3
71.4
70.7
65.9

80.9
80.1
75.1
73.8
70.1

85.1
85.3
79.1
77.3
75.4

87.9
86.2
81.2
81.1
78.2

90.2
88.7
85.1
82.1
80.5

1
2
3
4
5

thickness
thickness
thickness
thickness
thickness

(nm)
(nm)
(nm)
(nm)
(nm)

index. The SiO2/MgF2 sol volume ratio was varied from 0 to 1. The sol
was noted as MgF2-SiO2 sol. The mixed sols are denoted as “T-X”, in
which X means the SiO2/MgF2 sol volume ratio. That is, the sols prepared in various volume ratios (from 0 to 1) are abbreviated as T-0, T0.1, T-0.13, T-0.15, T-0.18, T-0.2, T-0.3, T-0.32, T-0.35, T-0.38, T-0.4,
T-0.5, T-0.6, T-0.7, T-0.8, T-0.9 and T-1, respectively.
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Fig. 13. (a) The transmission spectra of sodalime glass substrate and coated substrate at the
incident angles of 0°. (b) Experimental and
modeled average transmittance curves of wide
broadband ARCs at an incidence angle of 0-80°.
(c) The transmittance spectrum of the ARC
before and after rubbing. (d) The average
transmittance curves of ﬁve layers, top layer1,
top layer 2, bottom layer 3, bottom layer 4 and
bottom layer 5 ARCs at an incidence angle of 070°.

In order to obtain the optimized parameters, the optical performance of the ﬁlm was simulated by Macleod. The parameters of each
layer of the ARC with the best performance can be seen in Table 1. As
shown in Fig. 3, the wide-angle ARCs has better optical property
compared to each single layer antireﬂection coating. Furthermore, the
ﬁve-layer antireﬂection coating consist with multilayer graded-refractive-index coatings has excellent broadband antireﬂection performance in the range of 400−1800 nm. Meanwhile, the transmittance of
diﬀerent coatings was simulated at incident angle of 0° to 90° in Fig. 4.
It can be obvious that ﬁve-layer ARC has wide-angle antireﬂection
property. To further conﬁrm its performance, the transmittance spectrums of diﬀerent coatings were obtained at incident angle of 70° in
Fig. 5. Film consisting of ﬁve layers of gradient-index coatings exhibits
excellent wide-angle and broadband antireﬂection capability.

Table 5
Pencil hardness grades for diﬀerent coatings.
Coating

single
layer 1

single
layer 2

single
layer 3

single
layer 4

single
layer 5

Five
layers

Pencil hardness
grade

2B

2B

H

H

2H

2H

ratio of 2: 1. So, this result was conﬁrmed the formation of MgF2
coating by the EDX mapping. In order to conﬁrm that the coating
contains MgF2-SiO2 composite material, EDX mapping images were
obtained. As shown in Fig.2 a–d, the four chemical elements Si, Mg, O,
and F are evenly distributed in the coating. To investigate the eﬀect of
doped MgF2 on the phase structure of SiO2 samples, XRD analysis was
carried out in the range of 10–70° for MgF2-SiO2 annealed at 200 °C as
shown in Fig. 2(e). Beside, the XRD images of base-catalyzed SiO2, acidcatalyzed SiO2, MgF2 and MgF2-SiO2 not show any sharp diﬀraction
peaks. Therefore, these results indicated that base-catalyzed SiO2, acidcatalyzed SiO2, MgF2 and MgF2-SiO2 coatings have the property of
amorphous structure.

3.3. Eﬀect of reaction temperature on MgF2 coating
To investigated the eﬀect of reaction temperature on the properties
of MgF2 coatings, the transmittance of the coatings prepared by different groups of reaction temperature and parameters of MgF2 coating
were measured.
Table 2 lists the physico-chemical properties of several MgF2 coatings prepared via sol-gel process. It can be found that from 100 to
210 °C, the refractive index gradually decrease from approximately
1.35 to 1.15. The relationship between porosity and refractive index
was be given by Yoldas and Partlow and this is shown following
equation,

3.2. Optical structure simulation of antireﬂection ﬁlm
Wide-Angle broadband ARCs can be designed using many methods.
But, these processes are not computer-aided, making the design process
complex and time-consuming [48,49]. Computer-aided design is the
current mainstream method, due to its clipping, simple and accurate.
Therefore, the wide-angle broadband ARCs was be designed by using
Macleod.

Porosity = 1 − (np2 − 1)/(nd2 − 1)

((3))

Table 6
The average transmittance (400–1200 nm) of the coatings after diﬀerent friction times.
Friction times

0

5

10

15

20

25

30

35

40

The average transmittance (400−1200 nm)

97.9 %

97.8 %

97.6 %

97.3 %

97.1 %

97.0 %

96.9 %

96.7 %

96.5 %
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The proportion of nanopores in the ﬁlm is often greater than 50 %. The
mechanical strength of the ﬁlm became very low due to its high porosity and the low connectivity between particles, and the ﬁlm could be
readily wiped oﬀ by a cloth.
As-prepared SiO2 nanoparticles were very ﬁne particles also in the
ﬁlm strength, it would also cause an increase in the refractive index.
But, the pores between the high-crosslinking particle linear structure
groups of the ﬁlm MgF2 were ﬁlled with ﬁne SiO2 spherical particles to
enhance the strength of the coating.
As shown in Fig. 11, a series of coatings with refractive indices
ranging from 1.20 to 1.40 were obtained. The layers 3, 4, and 5 with
refractive indices of 1.20, 1.25, and 1.28 can be obtained by adjusting
the SiO2/MgF2 sol volume ratio to 0.13, 0.15, and 0.32, respectively.

where n p and nd represent the refractive index of nanoporous and dense
coating, respectively [50]. In this article, nd is equal to 1.38. According
to the Eq. (3), the increase in the porosity of the sample results in a
decrease in the refractive index in Table 2. Meanwhile, combined the
porosity change increase trend with Eq. (3), our speculation was further
conﬁrmed.
To investigate the inﬂuence of diﬀerent temperatures on MgF2 sol,
the microstructure diagram of MgF2 sol was obtained. As shown in
Fig. 6, it can be observed that all the sol particles assume the shape of a
linear chain, and there are some cross-links between the particles.
However, as the reaction temperature rises, the particles was further
cross-linked together, forming lots of big clusters as shown in Fig. 6(b)
and (c). This diﬀerence may cause changes in the sol particles.
To further conﬁrm our guess, the particle size distributions of the
samples at diﬀerent reaction temperatures were obtained in Fig. 7. By
comparing the sol prepared at diﬀerent temperatures, it can be found
that with the enhancing of reaction temperature, particle size of the
samples an increasing tendency. When the reaction temperature rose
from 100 °C to 150 °C, the average particle size of the sample showed a
rapid increase from 1.65 nm to 2.05 nm. When the reaction temperature
reached to 200 °C, the average particle size of the sample increased
around 5.91 nm. These may be the reasons for the increase in porosity
of the sample in Table 2.

3.6. Properties of low refractive index SiO2 top layer coating
According to the theoretical design in Table 1, when the refractive
index of layer 3, 4 and 5 are 1.20, 1.25 and 1.28, the refractive index of
the layer 1, 2 will be optimized around 1.12 and 1.15, respectively. We
have previously reported a method for the preparation of low refractive
index SiO2 coating with tunable refractive index varying from 1.12 to
1.28 by adding diﬀerent TX-100 contents in SiO2 sol. As shown in
Fig. 12, the refractive index of the coating is signiﬁcantly reduced by
adding TX-100. However, as the concentration of TX-100 was further
increased, the tendency of the refractive index of the coating to decrease gradually stabilized. The top layer 2 with refractive index of 1.15
was prepared by adjusting the concentration of TX-100 to 18 g/L. Besides, the top layer 1 with refractive index of 1.12 was obtained by
adjusting the concentration of TX-100 to 30 g/L.

3.4. Eﬀect of diﬀerent catalysts on silica particle size
It is reported that particle size of the sol has a great inﬂuence on the
mechanical properties of the ARCs. The smaller the particle size of the
solution added with MgF2 sol, the more beneﬁcial it is to enhance the
mechanical strength of the coating. To investigate the eﬀect of diﬀerent
catalysts on particle size, FESEM images and particle size distributions
of the samples were obtained. As shown in Fig. 8 (a) and (b), the shape
of the particles was similar and exhibited spherical. But, it can be observed from the Fig. 8 that the particle size of sample dip-coated in sol
with catalyst HNO3 showed obvious decrease in Fig. 8(b).
The particle size distribution of the processing was shown in Fig.9 to
demonstrate the eﬀect of the diﬀerent catalysts on the SiO2 sols and
coatings. These particle size reductions are visually shown in Fig. 9(a)
and (b). When the catalyst is NH3∙H2O, the average particle size of the
sol particles is 22.6 nm. However, when the catalyst became HNO3, the
average particle size of the sol particles is 10.3 nm. Besides, the porosity
of the samples was diﬀerent. When the catalyst of the sol is NH3∙H2O,
more pores will be created in the samples dip-coated in sol. According
to spectroscopic ellipsometry measurement, the refractive index values
of the ﬁlms dip-coated in acid-catalyzed sol and base-catalyzed sol are
roughly 1.46 and 1.15, respectively. This diﬀerence may also cause by
the change of catalyst type of the sol. Therefore, considering all factors,
acid-catalyzed SiO2 sol is more suitable for adding to MgF2 sol.

3.7. Eﬀect of withdrawal rate on coating thickness in dip-coating process
The withdrawal rate has a signiﬁcant eﬀect on the thickness of the
coating on the surface of soda-lime glass. The coating thickness in
Table 1 of the theoretical design was obtained by adjusting the withdrawal rate. The optimized coating thickness can be obtained by

h = C1(

ηV 0 1
)2
ρ

(4)

where h , C1, η , V 0 and ρ were coating thickness, coeﬃcient (0.8), solution viscosity, dip-coating rate and solution density, respectively. But,
it is well known that the volume of a coating prepared by the sol-gel
process shrinks after annealing. Therefore, the thickness of the coating
is calculated using Eq. (4) and a signiﬁcant error occurs. So, the optimal
pulling rate was obtained by ellipsometer testing combined with theoretical calculations. The diﬀerent sol types used for the coating are
shown in Table 3.
As shown in Table 4, diﬀerent process parameters are shown in
order to obtain parameters consistent with the theoretical design. When
the withdrawal rates were 350, 450, 550, 550 and 600, respectively,
coatings close to the theoretical design thickness were obtained. Due to
various factors, the tolerances of thickness and refractive index are
controlled within 3.2 %.

3.5. Properties of MgF2-SiO2 coating
According to the theoretical design in section 3.1 above, the refractive index of the third layer, the fourth layer and the ﬁfth layer at
the bottom of the coating are 1.20, 1.25 and 1.28, respectively. In order
to obtain a suitable refractive index, we mixed acid-catalyzed SiO2 sol
and MgF2 sol in diﬀerent volume ratios to prepare MgF2-SiO2 composite
coatings with adjustable refractive index ranging from 1.15 to 1.46.
Fig. 9 shows the TEM image of the MgF2-SiO2 mix sol, in which the
round and long chain shaded areas are the SiO2 and MgF2 particles,
respectively. As the volume ratio of acid-catalyzed SiO2 sol to MgF2 sol
increases from 0 to 0.75, it can be seen that more SiO2 particles appear
in the TEM image. As shown in Fig. 10(g) and (h), it can be obvious that
MgF2 and SiO2 exhibited the shape of linear chain and spherical particle
structure. Particles with a high degree of crosslinking and a linear chain
structure are often formed by a sol-gel process. So, the surface of the
ﬁlm composed of these particles has a certain proportion of nanopores.

3.8. Optical property of ﬁve-layer wide-Angle broadband ARC
On the basis of the designed parameters, we have prepared a highperformance wide-Angle broadband ARC using porous SiO2 coating
(n1 = 1.12, n2 = 1.15) as top layer and MgF2-SiO2 composite coating
(n3 = 1.20, n4 = 1.25 and n5 = 1.28) as bottom layer. The wavelength
range of the solar radiation spectrum is 400−5300 nm. For photovoltaic panels, the main eﬃcient wavelengths of the light for the power
generation are 400−1200 nm [51]. ARCs mainly increase the power
generation of photovoltaic panels by increasing the transmittance of
light. Therefore, the optical properties of the coating mainly focus on
the transmittance. Fig.13(a) shows the experimental and modeled
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many ﬁelds, such as new energy, military equipment and electronic
product etc.

transmittance spectra of the ﬁve-layer ARC annealed at 300 °C. The
average transmittance reached 97.90 % at a very broad wavelength
range of 400−1200 nm, 9% higher than that 88.90 % of the soda-lime
glass substrate. Meanwhile, it can be observed that soda-lime glass
coated with ﬁve layers of coating has excellent wide-angle antireﬂective performance in Fig.13(c). As shown in Fig.13(b), the transmission spectrum obtained from the experiment of the ﬁve-layer wideangle broadband ARC deviated from the model spectrum at an incident
angle of 0°.
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3.9. The abrasion-resistance of wide-angle broadband ARCs
Declaration of Competing Interest
In outdoor applications, only high transmittance is not suﬃcient.
Many environmental factors can signiﬁcantly aﬀect the performance of
the coating such as high temperature, high humidity, wind and sand,
and various object collisions. Especially for ARC prepared by the sol-gel
method, there are many nanopores between the constituent particles of
the coating. This feature makes the optical properties of the ﬁlm unstable because the ARC surface is easily damaged.
As shown in Table 5, pencil hardness grades of diﬀerent coatings
were obtained. It can be seen that by adding MgF2 sol, the pencil
hardness level of the coating is increased from 2B to 2H. To further
evaluate the abrasion-resistance of the wide-angle broadband ARCs, the
transmittance of the coatings prepared by sol-gel process was measured
after diﬀerent friction times. Table 6 shows the average transmittance
of ARCs after 0, 5, 10, 15, 20, 25, 30, 35 and 40 friction times, respectively. It can be observed that the average transmittance does not
decrease signiﬁcantly after the coating is suﬃciently rubbed.
For pure MgF2 sol, the porous network structure will be formed in
the process of depositing the coating, which can make the coating have
high porosity and low refractive index. But, high porosity can also result in reduced abrasion-resistance property of the ﬁlm. The MgF2-SiO2
composite coating was formed due to the addition of acid-catalyzed
SiO2 sol. The MgF2-SiO2 composite coating has a lower porosity and a
denser structure than the pure MgF2. The measurement results of
average transmittance indicated that the wide-angle broadband ARC in
Table 4 has limited abrasion resistance. Although the top layer of the
coating has a loose porous structure due to its ultra-low refractive
index, the mechanical properties of the top layer coating cannot meet
the requirements. However, the hardness level of the bottom layers was
increased by using MgF2-SiO2 mixed materials. When the coating was
rubbed, the top layer was easily erased due to its weak mechanical
properties. But, the bottom layer has good mechanical properties,
which can make the ARC have abrasion resistance.
The mechanism of acid-catalyzed SiO2 sol for improving the abrasion resistance of MgF2 coatings may require further exploration in the
future.
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