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A B S T R A C T   

The broadband antireflective coatings (ARCs) can effectively reduce the optical loss in the transmittance process 
and improve energy efficiency in solar cells. MgF2/SiO2 bilayer films were prepared on the surface of soda–lime 
substrates via sol–gel spin-coating combined with electron beam (e-beam) evaporation. The bottom layer was the 
MgF2 film obtained from e-beam evaporation, whereas the top layer was the nanoporous SiO2 film via sol–gel 
spin-coating method. The refractive indices of MgF2 and SiO2 layers at 550 nm are 1.38 and 1.12, respectively. 
The structural, morphological, and optical properties of the films were characterized. The effects of annealing 
temperature, Triton X-100 concentration, and spin-coating speed on the properties of the film were investigated. 
The transmittance spectra of the coatings were investigated, and the broadband antireflective performance of the 
bilayer structure was examined. A bilayer coating with optical properties close to the theoretical design results 
was obtained by optimizing the refractive index and the thickness of the double coatings. The solar trans
mittances of the soda–lime glass coated with the MgF2/SiO2 bilayer antireflective film increased by 8.89% at 
400–800 nm. The multilayer antireflective film exhibits promising applications in photoelectric devices, high 
power laser systems, and antidazzle glasses.   

1. Introduction 

Antireflective coating (ARC) is one of the most widely used and most 
productive optical films; it is used in daily life, industry, astronomy, 
military science, electronics, and other fields [1–6]. It is also an 
important component in photovoltaic (PV) systems and plays a key role 
in many fields. It can be prepared using several methods, such as elec
tron beam (e-beam) evaporation, magnetron sputtering, chemical vapor 
deposition, and sol–gel process. Among these methods, sol–gel process is 
the most advantageous because of its high production speed, low cost, 
and simplicity, and it is essential to constitute coating with adjustable 
refractive index [7]. Minimum reflectance can be achieved by fine 
control of coating thickness and refractive index [8,9]. For monolayer 
ARC, near 100% transmittance can be reached given the following 
condition: 

n1 ¼ ðn2nsÞ
1
2 (1)  

where n1, n2 and ns are refractive indexes of the coating, air and sub
strate, respectively [10]. ARC can be used to reduce the reflectivity of a 

solar panel, thereby increasing the solar cell’s electrical performance. 
Interest in studying ARC has been increasing in recent years. Several 

high transparent materials, such as SiO2 (n ¼ 1.44), SiO (n ¼ 1.8–1.9), 
MgF2 (n ¼ 1.38), Si3N4 (n ¼ 1.9), TiO2 (n ¼ 2.3), Al2O3 (n ¼ 1.86), Ta2O5 
(n ¼ 2.26), SiO2–TiO2 (n ¼ 1.8–1.96), ZnO (n ¼ 1.34), and ZnS, have 
been used in the ARC field [11–20]. Ye et al. prepared a hydrophobic 
single layer SiO2 ARC via the sol–gel process [21]. Chen used the sol–gel 
process to prepare ZnO nanorod arrays as an ARC and studied the effects 
of growth time, spin-coating rates, and solution concentration [22]. For 
a long time, sol–gel process has been used to obtain a series of films with 
a wide range of optical properties. Many reports on the preparation of 
nanoporous silicon coatings by sol–gel process are accessible [23–32]. 
However, most studies about ARC have only focused on the preparation 
of a monolayer. Monolayer coating has many limitations. According to 
Fresnel reflection theory, monolayer ARC can only be limited to one 
wavelength of antireflective performance [33,34], whereas multilayer 
ARC have good wide-spectrum antireflective performance [35–37]. 
Among the several parameters of the bilayer antireflective coatings 
(ARCs), the refractive index of the top layer is a sensitive parameter. 
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Hence, low refractive index allows researchers to easily design an ARC 
with a broad band. 

In this study, MgF2/SiO2 bilayer ARC with broadband antireflective 
performance over the solar spectrum was prepared via sol–gel process 
combined with e-beam evaporation. The bilayer coatings consist of an 
MgF2 bottom-layer and a nanoporous SiO2 top-layer. MgF2 and SiO2 
films were prepared on the surface of soda–lime glass substrates via e- 
beam evaporation and sol–gel spin-coating, respectively. The refractive 
index of SiO2 coating can be adjusted from 1.12 to 1.28 due to its 
nanoporous structure. On the basis of the parameters of bilayer broad
band ARCs designed by multilayer theory, MgF2/SiO2 bilayer ARCs with 
properties similar to the theoretical optical properties were prepared by 
optimizing the parameter. The structural, annealing temperature, 
morphological, and optical properties of the monolayer and the bilayer 
coatings were investigated. 

2. Experimental details 

2.1. Materials 

Absolute ethanol (EtOH, 99.9%), tetraethylorthosilicate (TEOS, 
99%), and hydrochloric acid (HCl, 37%) were purchased from Tianjin 
Kemiou Chemical Reagents Co., Ltd. (Tianjin, China). Ammonia� water 
(25%� 28%), Triton X-100 (TX-100, 98%), and acetone were obtained 
from Aladdin (Shanghai, China). The water was deionized. 

2.2. Cleaning substrate 

To allow the film to adhere to the substrate steadily, the substrates 
were ultrasonically cleaned with deionized water, acetone, and hydro
chloric acid (pH ¼ 1) separately for 15 min. Finally, the soda–lime glass 
substrates were placed in ethanol for storage. They are taken out and 

dried in a dry air atmosphere at 70 �C prior to coating. 

2.3. Preparation of monolayer MgF2 coating 

MgF2 film was prepared on the soda–lime glass substrates using the 
e-beam evaporation coating system ZHD-500 (Beijing tycoon technol
ogy Co., Ltd, China). The evaporation material was MgF2 particles with a 
purity of 99.99%. The soda–lime glass (Size: 20 � 20 � 1.5 mm) sub
strates were washed prior to deposition. These substrates were used for 
the deposition of MgF2 thin films. In addition, fresh MgF2 particles were 
used for every experiment. During the deposition, the pressure of the 
chamber was maintained at 1 � 10� 3, 2 � 10� 3, 5 � 10� 3, 1 � 10� 4, and 
8 � 10� 4 Pa and heated at temperatures of 50 �C, 100 �C, 150 �C, 200 �C, 
and 250 �C, respectively. The substrates were rotated at 25 revolutions 
per minute. The MgF2 particles were placed in a graphite crucible. The 
distance between the crucible and substrate was about 27 cm. The 
thickness and deposition rate of the coatings were monitored using the 
silver aluminum crystal monitor. The deposition rate was controlled at 
0.8–1.0 Å/s, and the monitored thickness was about 104 nm. Finally, the 
obtained films were annealed at 300 �C for 2 h. 

2.4. Preparation of monolayer nanoporous SiO2 coating 

The initial silica sol was prepared based on the procedure used by 
St€ober et al. [38]. After being aged for 24 h, TX-100 was added to the 
solution, so that the TX-100 concentration reached 0, 0.15, 0.19, 5, 10, 
15, 20, 25, 30, 35, 40, 45, and 50 g/L, respectively. The liquor was 
stirred for 1 h SiO2 coating was then spin-coated on soda–lime glass 
substrates at 3000–9000 r min� 1 for 30 s to investigate the effect of 
speed on film thickness. The film was treated at various annealing 
temperatures of 200 �C, 300 �C, and 400 �C for 2 h (h) in muffle furnace 
to investigate the effect of annealing temperature. 

Fig. 1. (a� b) XRD images of MgF2 coatings prepared at different substrate temperatures and vacuum degrees and (c) FT-IR Spectra of MgF2 coating.  
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2.5. Preparation of bilayer ARC 

The bilayer ARC was prepared via e-beam evaporation and sol–gel. 
The soda–lime glass (20 mm � 20 mm � 1.5 mm) was used as substrate, 
and the cleaning treatment was conducted following the steps in Section 
2.20. Before the bilayer coating is prepared, the parameters of the 
bilayer ARC were simulated by simulation software to obtain the 
optimal parameters. ZHD-500 E-beam evaporator was used to place a 
monolayer MgF2 coating on the soda–lime glass substrate. During the 

deposition process, the pressure of chamber was maintained at 8 �
10� 4Pa. The substrate is heated to 300 �C and was rotated at 25 revo
lutions per minute. The thickness and deposition rate of the films were 
monitored by quartz crystal monitor. The deposition rate was controlled 
at 0.8–1.0 Å/s and the monitored thickness was about 104 nm. The 
concentration of TX-100, spin-coating speeds and annealing tempera
ture can be controlled to obtain the required refractive index and 
thickness. By studying the influence of various factors, the optimal spin- 
coating rate, annealing temperature and TX-100 concentration were 
5000 r min� 1, 300 �C and 30 g/L, respectively. An optimized process can 
be used to obtain a SiO2 coating with a refractive index of 1.12 and a 
thickness of 122 nm, which is well matched with the MgF2 coating 
prepared by electron beam evaporation. After drying the MgF2 coating 
at 80 �C for 30 min and heat treated at 300 �C for 2 h, a one-layer SiO2 
coating was prepared at 5000 r min� 1 using a KW-4A spin coater. After 
being dried in an oven at 300 �C for 2 h and cooled to room temperature, 
MgF2/SiO2 bilayer broadband ARC could be obtained. 

2.6. Characterization 

The surface and cross-sectional micromorphology of the films were 
characterized using a field emission scanning electron microscope 
(FESEM, SEM450, Thermo). The energy dispersive x-ray (EDX) spec
troscopy of film was recorded using a FESEM, SIGMA300, Zeiss). Fourier 
transform infrared (FT-IR) spectra were measured on a Nicolet iS10 FT- 
IR spectrometer using KBr pellets of the solid samples to study the 
chemical structure of the coatings. The crystal structure of the coating 
was observed by x-ray diffractometer (XRD, TTRIII, Rigaku). The 
transmittance spectrum of the glass covering the ARC in the range of 
380–1400 nm was recorded by an ultraviolet visible spectrometer (UV- 
3600, SHIMADZU). The transmittance relative measurement errors are 
known to be within �0.3%. The refractive index and film thickness were 

Fig. 2. (a� c) FT-IR spectrum, refractive index, and XRD image of the SiO2 coating prepared with different annealing temperatures.  

Fig. 3. Dependence of refractive index of the coatings on the TX-100 concen
tration prepared at sol’s aging time of 3 days. 
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Fig. 4. Pore size distribution of TX-100 with the following concentrations: (a) 0 g/L, (b) 10 g/L, (c) 30 g/L, (d) 50 g/L.  

Fig. 5. FESEM image of TX-100 with the following concentrations: (a) 0 g/L, (b) 10 g/L, (c) 30 g/L, (d) 50 g/L.  
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measured by a spectroscopic ellipsometry (SENTECH SE800PV). Nitro
gen adsorption–desorption measurements at 77K using Quadrasorb-evo 
were performed to obtain pore size distributions. 

3. Results and discussion 

The structure of the material has a crucial impact on performance. 
The XRD results of the MgF2 films prepared using the e-beam method at 
different substrate temperatures and vacuum degrees are shown in Fig. 1 
(a) and (b), respectively. 

Fig. 1(a) and (b) do not show any sharp diffraction peaks. On this 
basis, the structure of the prepared magnesium fluoride film was 
amorphous. The FT-IR spectrum of MgF2 film prepared via e-beam 
evaporation is shown in Fig. 1(c). The samples showed two absorption 
bands at 3438 and 1628 cm� 1, corresponding to telescopic and angular 
vibrations of � OH bond, respectively. The � OH bond on the surface of 
the coating was related to the adsorption of H2O in the air. The forma
tion of the MgF2 coating was confirmed by absorption peaks of 1924, 
1384, 1120, and 484 cm� 1 in FT-IR spectra [39]. Therefore, the MgF2 
film prepared by the vacuum degree (8 � 10� 4-1 � 10� 3 Pa) and sub
strate temperature (50 �C-250 �C) process has an amorphous structure. 

Table 1 
Refractive index of bilayer broadband ARCs on soda–lime glass substrates and 
their average transmittances were modeled by TFCalc in the range of 400–800 
nm.  

Sample 
number 

Bottom layer Top layer Average transmittance 
(400–800 nm)% 

n1 thickness 
[nm] 

n2 thickness 
[nm] 

1 1.38 104 1.12 122 99.89 
2 1.38 99 1.12 164 99.52 
3 1.38 120 1.12 164 99.46 
4 1.38 150 1.12 134 99.41 
5 1.38 88 1.13 104 99.85 
6 1.38 108 1.13 142 99.81 
7 1.38 121 1.13 151 99.64 
8 1.38 150 1.13 132 99.46 
9 1.38 104 1.14 115 99.92 
10 1.38 104 1.14 156 99.62 
11 1.38 121 1.14 149 99.66 
12 1.38 104 1.15 149 99.71 
13 1.38 85 1.15 110 99.88  

Fig. 6. (a� g) Transmission spectra and wavelength of maximum transmittance of SiO2 coatings were prepared at different spin-coating speeds and (h) the target 
design transmittance spectra. 

X. Sun et al.                                                                                                                                                                                                                                      



Optical Materials 101 (2020) 109739

6

To study the effect of annealing temperature on silica gel, FT-IR 
spectra of silica sols with annealing temperatures of 200, 300, and 
500 �C were obtained. As shown in Fig. 2, the absorption bands at 1086 
and 792 cm� 1, corresponding to the stretching vibration of Si–O–Si bond 
[40]. The absorption peaks at 3452, 3347, and 1637 cm� 1 attributed to 
� OH and H–O–H bending vibrations, which were caused by the 
adsorption of H2O in the air [41]. For samples with an annealing tem
perature of 200 �C, two absorption peaks emerged at 2887 and 880 
cm� 1, corresponding to the C–H stretching and bending vibrations, 
respectively. In addition, the absorption peaks of 2974 and 1381 cm� 1 

were caused by the stretching vibration of � CH3 and the vibration of the 
C––C bond [42]. Hence, the TX-100 surfactant was removed at an 
annealing temperature of 300 �C. This result is consistent with the FT-IR 
analysis. The dependence of the refractive index on the annealing tem
perature is shown in Fig. 2(b). TX-100 concentration of the coating in 
Fig. 2 was 30 g/L. The refractive index value decreased steeply with the 
increase in temperature from 100 �C to 500 �C. This phenomenon may 
be related to the removal of surfactant TX-100. When TX-100 was 
incompletely removed, the refractive index of the film was high due to 
the high refractive index of TX-100 (n ¼ 1.491). When TX-100 was 
completely removed, the refractive index dropped sharply. In addition, 
as shown in Fig. 2(c), the SiO2 film had an amorphous structure ac
cording to the XRD images. 

The measurement results of the refractive index of SiO2 coatings with 
different TX-100 contents are shown in Fig. 3. The refractive index of the 
sample with TX-100 concentration of 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 
and 50 g/L was recorded. When the TX-100 content increased from 0 to 
50 g/L, the refractive index curve of the coating showed a trend from 
decline to rise and reached the minimum at 30 g/L. Depending on the 
proportion of the TX-100, a series of coatings with different refractive 
indexes could be obtained. The addition and removal of TX-100 resulted 
in the formation of porous silica with ordered channels, as shown in 
Fig. 5. In addition, as shown in Fig. 4, the sample with a TX-100 con
centration of 30 g/L had a relatively uniform pore size (15–20 nm) 
compared with other samples. The change in porosity in the coating was 
the main cause of the change in the refractive index of the coating. 

Normally, the relationship between refractive index and porosity can be 
obtained by the following equation [43]: 

np ¼
�
n2 � 1

�
ð1 � pÞ þ 1 (2)  

where np represents the refractive index of the porous coating; n rep
resents the refractive index of the dense coating; and p represents the 
porosity of the coating. 

When the concentration of TX-100 was less than 30 g/L, the sur
factant could not be fully adsorbed on the surface of the silica sol. The 
thickness of the electric double layer increased slightly as well. More
over, the van der Waals attraction was greater than the electrostatic 
repulsion force, and the probability of collision between particles 
increased. Therefore, the agglomeration of the particles was set to occur, 
and porosity is decreased. However, when the concentration of TX-100 
in the solution was more than 30 g/L, excessive excess of the surfactant 
prevented the free movement of the particles and agglomeration occurs 
between the particles. ARC with different refractive indices were ob
tained by changing the ratio of TX-100. This method could be used to 
prepare ARCs with adjustable refractive index ranging from 1.12 to 
1.28. The coating had a low refractive index and nanoporous structure, 
which could form a broadband ARC with other coatings due to the 
addition of TX-100 as a surfactant. 

The refractive index of the top and bottom layers significantly 
affected the average transmittance of the bilayer ARCs. Following op
tical coating theory, the transmittance of the multilayer film could be 
calculated using the admittance feature matrix method. The character
istic matrix of the film system is given by Ref. [44]. 
�

B
C

�

¼
Yk

j¼1

�
cosδj
iηj sinδj

�
i
�

ηj

�
sinδj

cosδj

��
1
ηs

�

(3)  

where j, k, and l is the serial numbers of the bottom layer and top layer in 

contact with air, respectively, 
�

B
C

�

is the characteristic matrix of the 

substrate and film combination; ηj is the optical correction admittance of 
layer j, δj is the phase thickness of layer j, and ηs is the optical correction 
admittance of substrate. In the case of normal incidence, is equal to 
(Refractive index of the Jth film) and is equal to nkþ1(Refractive index of 

the substrate). 
�

cosδj
iηj sinδj

ði=ηjÞsinδj
cosδj

�

is the characteristic matrix of the Jth 

film [45]. Y ¼ C=B is a combination admittance of a multilayer film and 
a substrate. Therefore the reflectivity is given by 

R¼
�

η0B � C
η0Bþ C

��
η0B � C
η0Bþ C

�*

(4)  

where η0 is the admittance of the incident medium. The η0 of the inci
dent medium is equal to n0 because the incident medium is air [46]. 

Computer-aided design was chosen because it is fast and straight
forward [47]. Consequently, a series of the bilayer broadband ARCs 
could be obtained by the above formula and the corresponding thin film 
design software (TFCalc). The optical properties of these ARCs with 
different parameters were modeled by TFCalc and are shown in Table 1. 
The refractive index of the bottom layer was set around 1.38, and it was 
fixed because it was prepared by electron beam evaporation. As shown 
in Table 1, the maximum transmittance was obtained when the refrac
tive index of the top layer was set to 1.12. Meanwhile, the maximum 
theoretical average transmittance of 99.89% in the range of 400–800 nm 
can be calculated using TFCalc, when the thickness of the bottom and 

Table 2 
Coating thickness was obtained at different spin-coating speeds.  

Spin-coating speed (r min� 1) 3000 r min� 1 4000 r min� 1 5000 r min� 1 6000 r min� 1 7000 r min� 1 8000 r min� 1 9000 r min� 1 

Coating thickness (nm) 137 135 123 117 116 116 113  

Fig. 7. Gel time of solutions with different concentrations of TX-100.  
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top coatings was 104 and 122 nm, respectively (Sample 1). 
The spin-coating speed was optimized to reach the parameters close 

to the top layer in sample 1. Generally, the thickness of the coating 
decreased with an increase in spin-coating speed when the viscosity was 
the same. As shown in Table 1, the thickness of coating heavily affected 
the average transmittance. Therefore, the thickness of the film in the 
experiment should be controlled [48]. The spin-coating speeds in the 
experiment were 3000, 4000, 5000, 6000, 7000, 8000, and 9000 r 
min� 1. 

The thickness of the film could be accurately controlled by the spin- 
coating speed. By optimizing spin-coating speed, a bilayer ARC close to 
the theoretical thickness was obtained. We measured the transmission 

spectrum of SiO2 film with TX-100 concentration of 30 g/L and refrac
tive index of 1.14 at different spin-coating speeds in Fig. 6. As shown in 
the images, the maximum transmittance peak of the film moved to the 
left as the spin-coating speed increased. Film thickness can be obtained 
by 

d¼
λ0

4n1
(5)  

where λ0 is the wavelength at the maximum transmittance; n1is the 
refractive index of the coating; and d is the thickness of the coating [49, 
50]. The thickness corresponding to different spin-coating speeds via 
Equation (5) is shown in Table 2. Evidently, the film thickness was 123 

Fig. 8. (a) Experimental transmittance curves of MgF2/SiO2 bilayer broadband ARCs and the single SiO2 and MgF2 coating transmittance curves, (b) FESEM cross 
section images of the MgF2/SiO2 coating, (c) Surface view FESEM images of the MgF2/SiO2 coating, and (d) EDX spectrum of MgF2/SiO2 film, (e) Schematic diagram 
of incident angle, (f) MgF2/SiO2 bilayer broadband ARCs and the single SiO2 and MgF2 coating average transmittance at the incident angles of 0–80�. 
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nm when the spin-coating speed was 5000 r min� 1 and the difference 
between the experimental and the target design wavelength of 
maximum transmittance is very little. Hence, 5000 r min� 1 was chosen 
as the best speed in the experiment. 

Gel time has important implications for large-scale industrial appli
cations [51]. The gel time of the sols with TX-100 concentrations of 0, 
0.15, 0.19, 0.5, 5, 10, 20, 30, 40, and 50 g/L were obtained. As shown in 
Fig. 7, when the concentration of TX-100 was greater than 0.19 g/L, the 
stability of the sol decreased as the concentration of TX-100 increased. 
Hence, the stability of the sol was controlled by many factors. Following 
Deijaguin-Landau and VerweyOverbeek (DLVO) theory, the stable ex
istence of the sol depended on the magnitude of the opposite forces of 
the electric double layer repulsive force and the van der Waals attraction 
between the sol particles. When the sol particle distance (H) or the 
charging property changed to change the interparticle force (ET), the 
interaction force was converted into an attractive force by the absorp
tion force, thereby causing the coagulation of particles. When the sur
factant TX-100 concentration was less than 0.19 g/L, TX-100 increased 
the thickness of the electric double layer due to the adsorption on the 
surface of the silica sol, thereby further increasing the electrostatic 
adsorption force between the sol particles and stabilizing the system. 
When the concentration of surfactant TX-100 was greater than 0.19 g/L, 
the addition of TX-100 caused the viscosity of the solution to rise 
significantly. As a result, the sol particles made contact with one another 
under the action of Hþ and OH� to polymerize. The reticular gel struc
ture was finally formed. 

The transmittance spectra of single SiO2, MgF2, and the bilayer 
broadband ARCs are shown in Fig. 8(a). As shown in Fig. 8(b), the cross 
sections of the MgF2/SiO2 bilayer ARCs were clearly defined. The 
thickness of the nanoporous SiO2 coating with TX-100 concentration of 
30 g/L was 123 nm, and the refractive index was 1.12. The thickness of 
the MgF2 coating was 100 nm, and the refractive index was 1.38. The 
morphology of MgF2/SiO2 bilayer ARC at 300 �C was examined by 
FESEM, as shown in Fig. 8(c). The surface of the coating exhibited a 
nanoporous structure. To investigate the elemental composition, the 
EDX spectroscopy of MgF2/SiO2 thin film on soda–lime glass was con
ducted, as shown in Fig. 8(d). Strong silicon, oxygen, magnesium, and 
fluorine were recorded in the EDX spectrum of MgF2/SiO2 thin film. This 
observation clearly deduced the existence of Si, O, Mg, and F elements in 
the prepared ARC. Meanwhile, Optical theoretical calculations and 
many reports show that the angle of incidence can significantly affect 
the antireflection performance of the coating [52–55]. Therefore, the 
average transmittances at the incident angles of 0�, 10�, 20�, 30�, 40�, 
50�, 60�,70�, and 80� of the different coating at a wavelength range of 
400–800 nm can be obtained using spectrophotometer in Fig. 8(f). The 
schematic diagram of the incident angle is shown in Fig. 8(e). The results 
show that as the incident angle increases, the average transmittance 
decreases at the wavelength range of 400–800 nm. Moreover, compared 
to the monolayer coatings of MgF2 and SiO2, the MgF2/SiO2 bilayer 
antireflection film has better wide-angle antireflection performance. 

The MgF2/SiO2 bilayer ARC exhibited excellent optical performance. 
The average experimental transmittance of the bilayer ARCs in the range 
of 400–800 nm was 98.89% using spectrophotometry. The trans
mittance relative measurement errors are known to be within �0.3%. 
The results show that the experimental transmittance of the coated 
substrate is in good agreement with theoretical results at the wavelength 
range of 400–800 nm and the difference between the experimental 
(98.89%) and theoretical (99.89%) average transmittance is very small. 
After annealing of MgF2, MgO was produced to increase the refractive 
index. Hence, the transmittance spectrum was different from the theo
retical value. 

4. Conclusions 

In summary, the MgF2/SiO2 bilayer broadband ARCs with nano
porous structure were prepared on the surface of soda–lime glass 

substrates via sol–gel spin-coating process combined with e-beam 
evaporation. The structural, morphological, and optical properties of 
films were fully investigated. On the basis of the designed parameters of 
the bilayer ARCs and by the TFCalc optimization, the average trans
mittance of bilayer ARCs reached 98.89% in the range of 400–800 nm, 
where the bottom layer was a MgF2 coating with the refractive index 
being 1.38 and the thickness was 100 nm. The top layer was a nano
porous SiO2 coating with a refractive index of 1.12 and a thickness of 
123 nm. The MgF2/SiO2 bilayer coatings showed excellent optical 
property. Therefore, the MgF2/SiO2 film can be used in many fields, such 
as optical devices and solar glass covers. 
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