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ABSTRACT: Hydrophobic antireflective coatings with a low refractive index were prepared via  

a base/acid catalyzed two-step sol-gel process using tetraethylorthosilicate (TEOS) and 

methyltriethoxysilane (MTES) as precursors, respectively. The base-catalyzed hydrolysis of  

TEOS leads to the formation of a sol with spherical silica particles in the first step. In the second 

step, the acid-catalyzed MTES hydrolysis and condensation occur at the surface of the initial 

base-catalyzed spherical silica particles, which enlarge the silica particle size from 12.9nm to 

35.0nm. By dip coating process, this hybrid sol gives an antireflective coating with a refractive 

index of about 1.15. Moreover, the water contact angles of the resulted coatings increase from 

22.4° to 108.7° with the increases of MTES content, which affords the coatings an excellent 

hydrophobicity. A “core-shell” particle growth mechanism of the hybrid sol was proposed and 

the relationship between the microstructure of silica sols and the properties of AR coatings was 

investigated. 
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1 INTRODUCTION 

Porous silica antireflective (AR) coatings have been widely reported recently. The advantages 

in thermal resistance, high transmission and selectivity make them well-suited for a variety of 

practical applications like optical devices and energy-related application such as solar cells, laser 

system, optical filters, cathode ray tubes and shop windows.
1-7

 AR coatings are usually used to 

reduce transmission losses. Desired AR coatings can achieve effectually zero reflection at a 

particular wavelength when its refractive index equals (nans)
1/2

, where na and ns are the refractive 

indices of air and substrate, respectively.
8,9

 Porous silica coatings prepared by  sol-gel process 

have been now widely used as quarter-wave layers since their refractive index could present as 

low as 1.23, which approximates to the square root of 1.52 that is the index of many types of 

optical substrates. While these conventional single-layer quarter-wave coatings can in theory 

lead to zero reflection at a single wavelength, broadband AR coatings are often very desirable for 

many applications. However, because of the unavailability of simple optical materials with even 

lower refractive indices than 1.23, such broadband AR coatings have not been industrialized on a 

large scale. Since the lowest refractive index that can be achieved in dense materials is 1.38 (that 

of MgF2), nano-porous materials have emerged and rapidly developed.
10  

 As a prospective method for preparation of nano-porous materials, sol-gel process has 

attracted a good deal of attention due to its advantages of superior homogeneity, low cost, low 

processing temperature and simple operation process.
11 

Nevertheless, hydroxyl groups existing 

on the pure silica particles
 
and the high porosity (about 50-60%)

  
afford these sol-gel AR coatings 

with poor hydrophilicity that limits greatly their uses in humidity environment. The adsorption of 

water directly decreases the porosity of the AR coating which results in an increase in refractive 

index which leads to a dramatic decrease in optical performance of the AR coating. Although, 



 

3

many attempts have been made to improve the hydrophobicity of silica AR coatings by 

introducing organic molecules or polymers bearing hydrophobic groups into the coating.
13-16 

Still 

no one can give consideration to both the very-low refractive index and good hydrophobicity.  

In this paper, we report a base/acid two-step catalyzed sol-gel process, using tetraethoxysilane 

(TEOS) and methyl triethoxysilane (MTES) as precursor respectively in the corresponding step, 

to form a layer of methyl cladding hydrophobic shell on the initial base-catalyzed silica particles, 

which gives an hydrophobic AR coatings with low-refractive. A core-shell particle growth 

mechanism of the hybrid sol was proposed. 

 

2 EXPERIMENT PROCEDURES   

 Figure 1 shows the process for the preparation of silica sols. These hybrid sols were made 

from TEOS (kermel, highly pure, China), MTES (kermel, highly pure, China), ethyl alcohol 

(C2H5OH, EtOH), deionized water, NH3•H2O  (13.4mol/L), and HCl, so as the controlled trial 

which was made by preparing AR coatings from the mixture of base-catalyzed TEOS sol and 

acid-catalyzed MTES Sol. 

2.1. Preparation of silica sols. Firstly, base-catalyzed silica sol was made by mixing a 

solution of EtOH, TEOS , H2O and NH3•H2O. The molar ratio of TEOS: H2O: EtOH: NH3 was 

1: 3.25: 37.6: 0.17. The mixtures were first  stirred for 2 h at 30°C and then aged at 25°C for 7 

days. After that , it was refluxed for 24h to remove ammonia and finally filtered through a 

0.22µm PVDF filter prior to use. The final concentration of SiO2 in the sol was 3% by weight. 

The sol was noted as Sol A. Secondly , MTES were added in sol A in proportions to give 0%, 

10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100% of the total silica sol with the molar 

ratio of MTES, ETOH, HCl and H2O was 2.5: 93.5: 1.02×10
-3

 : 1, assuming that 1 mole of 
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TEOS or MTES gives 1 mole of SiO2 and H3C-SiO1.5 (polymethylsilsesquioxane) respectively. 

These hybrid sols were also stirred at 30°C for 2 h and aged for 7 days to allow MTES to react 

fully.  These final product noted as Sol C was filtered through a 0.22 µm PVDF filter prior to 

use. 

 

 

 

 

 

 

 

 

 

 

Figure 1. The procedure for preparation of the silica sols. 

   2.2. Preparation of controlled trial sols. EtOH, MTES (kermel, high pure, China), H2O and 

NH3•H2O (13.4mol/L) was first mixed and stirred for 2 h at 30°C. The molar ratio of MTES, 

EtOH, H2O and HCl was 2.5: 93.5: 1: 1.02×10
-3

. This pure acidic MTES sol was noted as Sol B. 

After aging at 25°C for 7 days, Sol A and Sol B were simply mixed with different weight ratio. 

Mixture of Sol A and Sol B was noted as Sol D, which was used as the controlled trial.  

  2.3 Preparation of AR coatings. BK7 glass substrates were properly cleaned before dip-

coating. The silica sols were deposited on those substrates using the dip-coating process at 

different withdrawal rates (from 75 mm min
-1  

to 400 mm min
-1 

) to make center wavelength of 
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the coatings around 550 nm ( room temperature: 20−30°C; relative humidity< 20%). All silica 

films were heat-treated at 160°C for 8 hours before tests. 

  2.4. Characterization of silica coatings. Infrared absorption spectra of samples 0%, 30%, 

50%, 70% were analyzed by FTIR (Bruker Tensor 27).  

To determine particle size and distribution, the silica sols were analyzed by dynamic light 

scattering (DLS, Malvern Nano-ZS, wavelength of 632.8 nm) at 25°C. Ten measurements were 

done on each sample to calculate the average and standard deviation.  

The refractive indices of the AR coatings were determined by ellipsometry (SENTECH SE850 

UV, error  limits ≤ 2% ) at 550 nm.  

 Cross-sectional scanning electron microscopy (SEM) images of silica coatings were taken 

using a S-4800 field emission Scanning Electron Microscope operated at 5KV.  

Water contact angle was measured with a Krüss DSA100 (Germany) instrument (error  limits 

≤ 1% ) .  

Antireflective durability was tested by exposing to humid laboratory air (room temperature: 

20−30°C; relative humidity> 90%) for two months.  

The visible light transmittance spectra of the AR coatings was measured by an UV-vis 

(Mapada, UV-3100PC, transmittance error ≤ 0.2%, wavelenght ≤ 0.1nm ). 

 

3 RESULTS AND DISCUSSION   

  3.1. Structure of sol particles characterized by IR spectroscopy. Figure 2 shows the FTIR 

spectra of pure silica 0%, 30%, 50%, 70% hybrid silica xerogel. All samples present two 

absorption bands at 1069 cm
-1

 and 800 cm
-1

, corresponding to bending and stretching vibrations 

of Si-O-Si bond, respectively. The absorption band at 955 cm
-1

 is attributed to the hydroxyl 
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group of Si-OH. The intensity of which weakens with the increase of acid-catalyzed silica 

concentration. The adsorption bands of C-H in methyl groups exhibit at 2986 cm
-1

 and 2915 cm
-

1
, and enhance with the increase of acid-catalyzed silica concentration. For hybrid silica samples, 

an additional absorption band appears at 1275 cm
-1

, corresponding to the characteristic Si-CH3 

stretching vibrations. These results demonstrate that the hydroxyl groups on the silica particles 

were replaced and the condensation between MTES and silica particles occurred effectively. 

 

Figure 2. FTIR spectra of pure silica 0%, 30%, 50%, 70% hybrid silica sol. 

3.2. Particle size investigated by DLS. A controlled aggregation mechanism ,proposed by 

Zukoski and co-workers to describe the growth of silica particles, is widely recognized in sol-gel 

science.
17,18

 During the growth, the subparticles aggregated to form particles, and once these 

particles reached a certain size, stable particle size and colloid sols were obtained due to the 

surface charges. Table 1 shows the hybrid silica particle size and their distribution. As we can 

see, the pure base-catalyzed silica particle size is 12.9 nm, and that of hybrid ones could reach to 

35.0 nm with the increase of the acid-catalyzed MTES proportion; moreover, the PDI 

(polydispersity index) of all the samples are lower than 0.2, demonstrating a good 

monodispersity. It is obvious that the addition of acid-catalyzed MTES only produced larger size 
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particles with diameters of several tens of nanometres, but did not change the distribution. These 

hybrid silica particle size are still much smaller than the wavelength of visible light, Mie and 

Rayleigh scattering can be neglected. Otherwise, the good monodispersity guarantees the 

homogeneity of derived AR coatings.  

  Table 1. The particle size and its distribution of the hybrid sols. 

Sol C 

Particle size 

/nm PdI 

0% 12.9±1.2 0.13-0.19< 0.2   

 10% 15.7±1.5 0.09-0.13< 0.2 

20% 18.0±1.7 0.08-0.15< 0.2 

30% 28.0±2.9 0.09-0.14< 0.2 

40% 30.5±3.1 0.10-0.14< 0.2 

50% 31.1±3.2 0.09-0.16< 0.2 

60% 35.1±3.5 0.12-0.17< 0.2 

70% 36.8±3.7 0.10-0.18< 0.2 

80% 37.1±4.0 0.08-0.15< 0.2 

90% 40.1±4.1 0.11-0.17< 0.2 

 

 3.3 Refractive indices of the coatings. It is well known that the refractive index of a porous 

silica AR coating  decreases with the increase of porosity in coating .
19

 We reported previously a 

base/acid two steps catalyzed sol-gel process of silica AR coating using TEOS as a single 

precursor.
5
 During the second step with an acidic catalyst, the hydrolysis of TEOS tends to form 

linear chains on the silica particles formed during the initial base catalyzed condensation that will 
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fill among the spherical particles during the coating process. This reduce the porosity of the film, 

leading to an increase of the refractive index. In that report the refractive index of the coatings 

increased with the increase of the weight ratio of acid-catalyzed silica. In this study, MTES was 

used in the subsequent acid-catalyzed step. If the same filling process takes place, an increase in 

the refractive index of the coating should be observed with the increase proportion of the acid-

catalyzed MTES. In fact, a different and interesting change of the refractive index was observed. 

As showed in Figure 3, the refractive index of the coatings prepared from base/acid two-step 

catalyzed silica sol (Sol C) decreased with the increase of the weight ratio of acid-catalyzed 

MTES at first and increased suddenly when the concentration of acid-catalyzed MTES exceeded 

70%.  

 

  Figure 3. Change in the refractive index as a function of the weight ratio of acid-catalyzed 

silica.  

  3.4 Particle growth mechanisms. All kind of silicon alkoxides with pendant groups were 

used to prepare AR silica coatings. Research on the relationship between sol-gel process and the 

properties of the silica coating has been done partly. MTES is one of commonly used 
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trifunctional organosilanes as a single precursor or a co-precursor with TEOS to investigate the 

hydrolysis kinetics
20 

and the effect of pendant groups
21

 via some relatively complex process. 

However, this simple base/acid two-step catalyzed sol-gel process using TEOS and MTES 

system has long been neglected. As we previously reported,
5
 when TEOS is catalyzed by 

NH3•H2O, the growth of silica sol is biased towards spherically expanding particles giving the 

derived coatings high porosity and a low refractive index 1.23 as shown in Figure 4 a. When 

MTES is used as single precursor under acid condition, the growth of silica sol tends to form 

liner chains as shown in Figure 4 b, thus the derived coatings are dense and possess a high 

refractive index. It is noteworthy that the rate of MTES hydrolysis is much higher than its 

condensation due to steric hindrance effect.
22

 In the TEOS base/ MTES acid two-step catalyzed 

method, spherical silica particles are formed in first base-catalyzed step with large amount of 

hydroxyl groups on the surface; when MTES is added into this silica sol with an acid catalyst, 

the hydrolysis reaction will be initiated immediately, whereas the condensation may take place in 

two different ways: self-condensation of hydrolysis products of MTES; or co-condensation 

between the hydrolysis products and the spherical silica particles in the sol. The self-

condensation reaction may proceeds much slowly owing to the above mentioned steric hindrance 

effect. Therefore, three different ways of sol particles growth mechanism, base on the “core” of 

base-catalyzed silica particle, are proposed as shown in Figure 4 C. When the proportion of acid-

catalyzed MTES is low, MTES hydrolysis and co-condense on the base-catalyzed silica particles, 

and only a small part of silicon hydroxyl groups Si-OH transform to Si-O-SiCH3. However, these 

small amount of incorporated methyl groups -CH3 do rouse the change in particle size and 

surface charge of initial particles. Along with the increase of MTES proportion, more -CH3 

replace the -OH on initial particles, enlarging the particle size and decreasing the surface charge 
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further, which are exactly two of main factors that decrease the refractive index of coatings.
23,24

 

When the proportion of acid-catalyzed MTES comes to a value high enough, the Si-O-SiCH3 

will spread all over the initial particle’s surface and on the other word, the “core-shell” structure 

reached integrated and saturated. In this case, the refractive index of  derived coatings presents 

lowest 1.15 as shown in Figure 3. Over the turning-point around  70%, filling model works that 

results in an abrupt increase in refractive index.  

 



 

11

 

Figure 4. a. The growth model of the particle under base catalysis; b. The growth model of the 

particle under acid catalysis; c. The growth model of the particle in hybrid sol. 

For comparison, a series of physical mixtures of base-catalyzed TEOS sol and acid-catalyzed 

MTES sol was prepared and dip-coated. Figure 3b shows that the refractive index of the coatings 

from the mixed sol increases gradually with the increase of acid-catalyzed MTES sol proportion. 
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There obviously occurs a filling process for coatings with these physical sol mixtures, providing 

another evidence for the “core-shell’’ mechanism of the TEOS base/ MTES acid two-step 

catalyzed hybrid sol.  

 3.5 Cross-sectional SEM images of silica coatings.  Figure 5 displays the cross-sectional 

SEM image of pure silica coating and 50% MTES-containing coating. The pure silica and 

MTES-containing silica nanoparticles are both densely packed to form a single-layer film with a 

thickness of around 100 nm. The average diameter of the pure silica coating’s particle is about 

12 nm, and that of the 50% MTES-containing coating is around 35 nm. This result is in  good 

agreement with the data by particle size analysis. The nanoparticles of pure silica coating are 

packed closer than that of 50% MTES-containing coating, which means that the void space in the 

film of 50% MTES-containing coating is larger than that of pure silica coating. The larger void 

space gives the MTES-containing coating a lower refractive index. 

 

Figure 5. SEM images of (A) pure silica coating and (B) 50% MTES-containing coating. 

  3.6 Hydrophobicity. Hydrophobicity is an essential property of the coating that directly 

concerns with its humidity-resistance. Pure base-catalyzed silica AR coatings are highly 

hydrophilic and unstable in a humid environment because of the –OH group on the surface. The 

hydrophobic nature of the silica thin film measured by water contact angle is closely linked to 
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AR durability of the coating. As the hydrophobic methyl groups are incorporated on the surface 

of silica particles during the acid-catalyzed MTES in the second step, the water contact angle of 

the derived coatings reaches a maximum value of 108.7°  as shown in Figure 6. Maximum 

contact angle of 108.7° was also significantly larger than that of pure MTES coating of 78.7° 

which can be explained by the core-shell particle growth mechanism. According to the core–

shell structure of TEOS/MTES hybrid sols, more methyl groups were oriented toward the outer 

surface, giving the coating a higher hydrophobicity than pure MTES coating. Similar phenomena 

have also been observed by Ma Y and co-workers
25

. 

 

Figure 6. Water contact angle values versus the weight ratio of acid-catalyzed silica. 

    Figure 7 shows the deviation of the visible light transmittance spectra of pure and 50% MTES-

containing AR coatings. After keeping in a sealed container with a 95% relative humidity at 

room temperature for two months, the maximum transmittance of the pure silica AR coating 

decreases dramatically from 99.99% to 98.73%, while that of the 50% MTES-containing AR 

coatings only decreases from 99.62% to 99.60%. It is clearly that antireflective durability of 

these MTES-containing AR coatings was dramatically improved. The adsorption of water from 
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wet ambience was effectively prevented by the incorporation of methyl groups introduced in the 

acidic step which affords these MTES-containing AR coatings a better optical durability in a 

humid environment. 

 

Figure 7. Change in visible light transmittance spectra of the AR coatings as a function of test 

time. 

4 CONCLUSION 

Antireflective coating with low refractive index and enhanced humidity-resistance was 

prepared by a TEOS base/MTES acid two-step catalyzed sol-gel process. The addition of acid-

catalyzed MTES in the base-catalyzed silica sol enlarges the particle size from 12.9 nm to 35.0 

nm, the new hybrid sol gives a hydrophobic coating with a water contact angle of 108.7°.  The 

value of refractive index of the AR coatings can reach as low as 1.15. A core-shell particles 

growth mechanism was proposed that explains well the properties of the hybrid sols and the 

coatings. This hydrophobic coating may have great application potential and good development 

prospective.  
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Table 1. The particle size and its distribution of the hybrid sols. 

Sol C 

Particle size 

/nm PdI 

0% 12.9±1.2 0.13-0.19< 0.2   

 10% 15.7±1.5 0.09-0.13< 0.2 

20% 18.0±1.7 0.08-0.15< 0.2 
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  Figure 3. Change in the refractive index as a function of the weight ratio of acid-catalyzed 

silica.  
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Figure 4. a. The growth model of the particle under base catalysis; b. The growth model of the 

particle under acid catalysis; c. The growth model of the particle in hybrid sol. 
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Figure 5. SEM images of (A) pure silica coating and (B) 50% MTES-containing coating. 

 

 

Figure 6. Water contact angle values versus the weight ratio of acid-catalyzed silica. 
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Figure 7. Change in visible light transmittance spectra of the AR coatings as a function of test 

time. 
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