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Abstract A broadband anti-reflective (AR) coating design for astronomical large-aperture telescopes

is proposed. We give simulations of two-, three- and four-layer silica sol-gel on fused silica and finally

get the optimal optical constants. As a comparison, we discuss the traditional dielectric material that

has been applied to broadband AR coatings. To better guide the following experiment, we also conduct

error analysis and feasibility analysis, combining with the technological characteristics of sol-gel. The

analytical method is suitable for other wavebands and substrates. It is also instructive for large area AR

coatings in the field of solar cells.
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1 INTRODUCTION

It is more and more difficult to apply appropriate anti-

reflective (AR) coatings onto transmission optical ele-

ments, the apertures of which are gradually increasing

as large ground-based optical/infrared telescopes develop

(Tokunaga 2014). Despite the fact that most large-scale

telescopes adopt segmented mirror active optics and re-

flective optical structures, many large-aperture prisms,

which could improve the light gathering power and col-

lect more information from observed objects, are used

in terminal equipment such as various spectrographs

(Angeli et al. 2004). In addition, the hermetic windows of

many telescopes need AR coatings to be applied. Unlike

AR coatings that are used in solar cells and other de-

vices which only focus on their transmission properties

(Kanamori et al. 2002; Liu et al. 2012), rigorous surface

precision is desired for the optical lens in a telescope,

especially the correctors. Thus, we hope that the thick-

ness of a coating would be as small as possible and the

whole coating growth process could be carried out under

lower temperature, which will have less influence on the

associated surface precision. In addition, a good spectral

reproduction ability is very important, which makes the

subsequent spectral analysis more precise and easier. In

view of the fact that most dielectric materials absorb in

the ultraviolet wavelength region, the limited number of

alternative materials in coating design yields an unsatis-

factory spectral transmittance when they are applied to

telescopes whose working waveband ranges from ultra-

violet to near infrared.

At the beginning of this century, sol-gel coatings

were firstly applied in large-aperture telescopes and an

encouraging ultra-broadband AR result was achieved

(Phillips et al. 2008). The Atmospheric Dispersion

Corrector (ADC) for the Keck-I Cassegrain focus with

fused silica prisms is about 1022 mm in diameter. This is

a simple structure of silica sol-gel over an MgF2 layer,

which was conventionally obtained by vacuum deposi-

tion, producing a well-formed coating from 310 nm to

1100 nm (Phillips et al. 2006). The relatively-low refrac-

tive index (RI) of silica sol-gel is perfectly matched with

the fused prisms, and there is a smaller RI difference be-

tween the silica sol-gel and incident medium (i.e. air).

The features above make it possible to achieve a good

broadband transmittance with only two layers. On the

contrary, many more layers should be applied if tradi-
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tional dielectric materials are used. Therefore, we reduce

the thickness and number of layers by employing sol-gel

coatings, and moreover, the transmittance results become

even better. In addition, the sol-gel process has many ad-

vantages compared to traditional vacuum dielectric films,

such as a minor restriction in the substrate shape and size,

better homogeneity, simple techniques and processing at

a lower temperature. There are many larger optics in the

Thirty Meter Telescope (TMT), which is under construc-

tion, and in the Large Optical/Infrared Telescope (LOT),

which is planned in China (Zhang et al. 2016). Problems

that exist in the process of dielectric film deposition, such

as material limitations in ultraviolet region, film unifor-

mity and process safety, would be perfectly eliminated

on condition that the dielectric layer is replaced by silica

sol-gel. An exciting prospect for applying sol-gel coat-

ings in astronomical telescopes could be possible.

In this paper, this problem will be discussed in de-

tail. We firstly carry out numerical simulations for sol-gel

broadband AR coatings, focusing on the coating design,

and we also hope to propose an ideal coating structure in

theory and finally obtain some good results. These sim-

ulations are based on existing experimental facts rather

than a theoretical possibility. Then, we conduct feasibil-

ity and error analyses combined with specific processes,

and finally discard some solutions that are extremely

difficult to implement. The results can give some basic

guidelines for subsequent experiments.

2 THEORY AND HYPOTHESIS

Reflection and transmission occur when light arrives at

the interface of two different media, the RIs of which

are n0 and n1, respectively (Born & Wolf 1959). The

reflectivity of the normal angle of incidence is R =

[(n0 − n1)/(n0 − n1)]
2, supposing that the media are

nonabsorbent. For common BK-7 glass, the RI of which

is about 1.52, the reflectivity is as high as 4% from one

side; in other words, the transmittance is only about 92%.

An ideal homogeneous single-layer AR coating could

achieve zero reflection at the reference wavelength while

satisfying the following conditions: the optical thick-

ness of the coating should be λ/4, where λ is the ref-

erence wavelength; and nc = (nans)
1/2, where na, nc

and ns are the RIs of the air, coating and substrate, re-

spectively. For a dielectric material, in order to achieve

near zero reflection of the monolayer, the RI of the sub-

strate, which is calculated under the above conditions,

should be at least 1.9, and it is clear that most substrates

with a low RI do not satisfy this condition. Due to its

loose and porous characteristics, the RI of silica sol-gel

is very low, which perfectly matches the low RI substrate,

and thus zero reflectance at a special wavelength can be

achieved. However, an effective near-zero reflectance is

achieved only for a narrow spectral width around the ref-

erence wavelength because of the uniform RI throughout

the whole coating. In the rest of the waveband, the re-

flectance will increase rapidly up to the bare substrate at

half-wavelength.

Let us go back to the reflectance formula concern-

ing light traveling between two media with different RI,

R = [(n0 − n1)/(n0 − n1)]
2. We can draw a conclu-

sion that the smaller the difference in RI between adja-

cent layers is, the smaller the reflection loss is. It is con-

ceivable that there will be nearly no reflection loss when

the RI of the coating changes slowly from the substrate to

air, that is to say, a sharp variation of RI between adjacent

layers should be avoided. The ideal condition would be

that the RI continuously decreases from the bottom to the

top of the coating, which is the so-called gradient-index

AR coating.

Since the 1960s, a great many of papers have focused

on design and application of optical gradient-index coat-

ings (Anders & Eichinger 1965; Southwell 1983, 1985;

Dobrowolski et al. 2002). There are many advantages

besides perfect broadband and omnidirectional spectral

performance, e.g. excellent mechanical properties (Rats

et al. 1999), fewer scattering losses (Arnon 1977), less

residual stress (Tang et al. 2011), enhanced resistance to

laser damage (Ristau et al. 2008) and enhanced tempera-

ture stability (Tang et al. 2011). However, it is very dif-

ficult to manufacture gradient-index coatings that can be

used in optical and infrared bands. Although some spe-

cial process may be used to produce materials with con-

tinuous changes in RI (Li et al. 2010; Huang et al. 2007),

the production process is complicated, which is not suit-

able for large scale fabrication, and the scope of appli-

cation is limited. A multilayer coating can be viewed as

a discrete approximation of the gradient-index AR coat-

ing, which is described as a quasi-gradient coating, so a

more feasible method is to use several uniform sub-layers

to approximate the inhomogeneous gradient-index coat-

ing. Until now, the oblique-angle deposition and chemi-

cal etch-leach process have been applied to successfully

manufacture quasi-gradient coating (Xi et al. 2007; Liu

et al. 2012), but they are not suitable for an astronomi-

cal lens. Through our analysis, three layers, or even two

layers of sol-gel film, achieve excellent broadband AR

effect. This method has excellent prospects for applica-

tion in the field of broadband large-aperture telescopes

due to its advantages in film uniformity, low-stress and

suitability for large area plating. At the same time, sol-

gel coatings can also be applied to the field of solar cells,
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so that the photoelectric conversion efficiency could be

widely improved.

The sol-gel process is a kind of chemical coating

method. The usual practice is to have organic metal

alkoxide dissolved in ethanol or methanol and then to

add water as a hydrolytic reagent, which is accelerated by

catalysts. Here we use tetraethyl orthosilicate as a reac-

tant and the overall reaction is shown as follows (Thomas

1986, 1992)

Si(OC2H5)4 + 2H2O −→ SiO2 + 4C2H5OH.

We often use concentrated hydrochloric acid or con-

centrated ammonia as a catalyst, which also supplies the

water. According to the various catalysts being added,

this reaction will produce products that are different in

their microstructures, which would affect the coating

properties. With acid catalyzing, a siloxane chain struc-

ture with an alkoxy and hydroxyl group is firstly formed.

It will be in continuous polycondensation as the solvent

evaporates after being coated until a cross-linking, dense

SiO2 coating is formed, which has the characteristics of

low porosity and high RI (approximately 1.43). With an

alkalinious catalyst, the sol tends to form a monodis-

perse silica colloidal suspension. By adjusting the pro-

cess parameters, the silica colloid can be maintained in a

size and morphology (∼20 nm) suitable for coating. As

a result, the coating is made up of disordered accumu-

lational silica particles with high porosity and low RI.

Considering two different RIs composed of acid and base

catalyzed suspensions, we add the acid catalyzed sol to

the base catalyzed sol in a certain proportion, which is

the so-called two-step method. The siloxane chain struc-

ture acts as a linking medium for the alkali-catalyzed sol

suspended particles, then a material with an RI between

them is prepared. The RI adjustment range depends on

the two mixed sols (Thomas 1992).

The simplified quasi-gradient form usually follows

the theoretical numerical solutions. Considering that the

particular coating design depends on the available coat-

ing technology, we give the quasi-gradient coating design

directly, combined with experimental facts and practical

experience. We also give the error and feasibility anal-

ysis. To better guide our experiments in the future, we

exclude results that are either impossible or difficult to

achieve. So, several notes are proposed for better simula-

tion as follows.

(1) Considering that the operating bands of the ADC at

KECK and TMT are about 300–1100 nm, our opti-

mization is also within this range.

(2) The alkali-catalyzed thin film silica particles are

about 20 nm in diameter. Taking the film thickness

uniformity into account, we set the optimized film

thickness of a single layer to be at least 50 nm.

(3) Due to the limitation of the RI and difficulty in con-

trolling thickness accuracy, we will give the toler-

ance range for optical constants and their influence

on the transmittance and examine the feasibility of

the designed film structure.

(4) Fused silica is chosen as the substrate, which is com-

monly used and has no absorption in the ultraviolet

band.

(5) In the optimized band, the silica sol-gel film is in

normal dispersion. In order to better fit its true dis-

persion curve, the simulation value is set to a linear

relationship, as shown in Figure 1. There is a differ-

ent value of 0.01 in the RI between the center wave-

length and the edge of the wavelength band, which

is

y = −2.5 × 10−5x + 0.0175 + nmid , (1)

where nmid is the value of the RI at the center of the

band (i.e. 700 nm). Of course, you can also ignore

the dispersion, which has little effect on spectral per-

formance.

With the assistance of Essential Macleod, we will

start our simulations from the simplest two-layer film,

to find the best combination of RI and film thickness and

finally give the optimum solution. The analysis method

can be applied to more layers and the target band can also

be changed as needed, but the analysis method remains

unchanged.

3 NUMERICAL SIMULATION AND ANALYSIS

By means of the acid-base two-step method, the RI can

be continuously adjusted from the alkali-catalyzed film

(with n about 1.18) to the acid-catalyzed film (with n of

1.42 or so). Our basic idea is to discretize the RI with the

sample interval ∆n = 0.03 and the results are as follows

n =1.43, 1.40, 1.37, 1.34, 1.31,

1.28, 1.25, 1.22, 1.19, 1.16.

For multilayer coatings, different RI values are as-

signed to each layer, and then we optimize thickness for

each combination, the aim of which is to make the trans-

mittance in each point as high as possible in the target

band. The best coating structure would be sought out af-

ter comparing the optimal solutions of all RI combina-

tions. Since the transmittance varies continuously with

the RI and thickness, i.e., there is no abrupt change, our

results could be accordingly considered as the optimal

solution with a certain number of layers.
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Fig. 1 The solid line represents measured data by an ellipsometer, and the dashed one is the fitted result.
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Fig. 2 Transmittance that changes with n1 when n2 is fixed. The curves go down with an increase of n1 in the visible region, and

the red lines represent conditions in which n1 > n2.

3.1 Two-layer System

Assuming that the RI of the outer layer is n1, and the film

thickness is d1, similarly, n2 and d2 are the optical con-

stants of the inner layer. By means of the control variable

method, n1 and n2 are fixed respectively to investigate

the impact of RI variation of the other layer on transmit-

tance. The following results, unless particularly stated,

are for single-sided transmittance.

Firstly, the RI of the inner layer is fixed, the structure

of which is Sub/n2/· · · /Air. The transmittance curves are
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Fig. 3 Transmittance that changes with n2 when n1 is fixed. The curves go up with an increase of n2 in the visible region, and the

red lines represent the best results.
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Fig. 4 Three best results from Fig. 3.

shown in Figure 2. In general, the curves decline with an

increase of RI for the outer layer in the visible region;

whereas, in the ultraviolet and near infrared regions, the

condition is complicated in that the curve is crossed,

which is not serious. Therefore, it can be approximated

that the smaller the outer layer RI is, the higher the trans-

mittance is. Except in Figure 2a, each figure has a uni-

modal curve (red lines) that appears to be different from

others, which results when the outer layer RI is greater

than that of the inner layer. The simulation results show

that the outer layer thickness is zero, that is, the two-layer

system degenerates into a single layer, so the inequality

n1 < n2 must be implemented when applying two-layer

AR coatings.

Then we fix n1, that is, Sub/· · · /n1/Air. In view of

the above conclusions drawn when n2 was fixed, sev-

eral RI combinations that have a small value of n1 were

chosen to be discussed, with the restricted condition

n1 < n2, which is illustrated in Figure 3. It is obvious

that the transmittance curves rise with an increase of RI
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Fig. 5 The best result of the two-layer system, i.e. Sub/1.29/1.16/Air. A, B and C are three minimum points.

for the inner layer in the visible region, whereas, there is

a converse variation in the ultraviolet and near infrared

regions.

Among these different curves, we should choose the

optimal one, which is dependent on the specific spectral

requirements for transmittance, e.g., the requirement of

high transmittance in a relatively narrow band, or that

an average transmittance is as high as possible in the

whole band, and there would be different optimization

results with regard to various spectral performance re-

quirements. Here, our optimization target is maximizing

the lowest transmittance in the region from 300 nm to

1100 nm, that is, max
(

Tmin(λ)
)

.

According to the optimization target, we choose

three best results for n2/n1 from Figure 3b, c and d,

respectively, namely, 1.34/1.22, 1.31/1.19 and 1.28/1.16

(Fig. 4). Apparently, the combination of 1.28/1.16 is the

best. In order to make the results more accurate, we have

RIs in the range 1.25−1.31 discretized by ∆n = 0.01; in

view of practical feasibility, the lowest RI can be set as

1.16. With the same optimization method, we get the best

result, 1.29/1.16, as shown in Figure 5. The minimum

transmittance is Tmin = 99.175%, which is the highest

value we believe that could be theoretically achieved.

Figures 4 and 5 show curves in the shape of an “M”

in the target waveband, which has a minimal value in the

visible region, and two maximal values in the ultraviolet

and near infrared regions. In the visible region, the curves

meet the conditions T ∝ 1/n1 and T ∝ n2, but there

is an opposite variation trend in the other wavebands,

bounded by wavelengths at two maximal transmittances.

In other words, the trend of the middle part of the “M”

curve is opposite to that of the two sides. So, the process

of seeking the optimal solution could be intuitively ex-

pressed as finding a curve that makes the minimum point

equal to the edge transmittance on both sides of the band,

that is, having the three points A, B and C on the same

line but as far apart as possible (Fig. 5).

Since the sol-gel method is affected by many techno-

logical conditions it is impossible to precisely adjust the

RI and film thickness during the actual fabrication. In the

following part of this section, we will discuss the effect

of small changes in the optical constant on the transmit-

tance curve.

We take the best coating structure 1.29/1.16 for ex-

ample. Several cases with ∆n = 0.01 are shown in

Figure 6. The small error of the RI makes a transmit-

tance variation of about 0.1% in the short wave region,

and 0.05% in the infrared region, which are acceptable.

It is well known that changes in the thickness of

optical coating could lead to horizontal movement of

the transmittance curve. We still choose the combination

1.29/1.16 to do our analysis, because the designed value

of its physical thickness is d1 =102 nm and d2 =91 nm.

Figure 7 shows variation of transmittance with the

film thickness error ∆d1 = ±5 nm. The average trans-

mittance of the whole band remains unchanged, but the

curve shifts to the infrared region as the thickness in-

creases. As a result, the main variation of Tmin occurs at

the edges of the band, i.e., 300 nm and 1100 nm. There

is a decline in transmittance of 0.3% at 300 nm when

∆d1 = +5 nm, yet only a decline of 0.1% at 1100 nm

when ∆d1 = −5 nm. This is because the slope of the

curve near 300 nm is larger than that near 1100 nm. As a

consequence, there is a greater influence in the ultraviolet

region, so we prefer the positive physical thickness errors

supposing that the error exists. The inner layer shares a

similar error rule with the outer layer. Another significant
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Fig. 7 Influence of film thickness error on transmittance. ∆d1 = +5 nm (red line) and ∆d1 = −5 nm (blue line).

practical guiding conclusion is that the thickness error of

a single layer (which is as small as possible) does not af-

fect the transmission curve if we keep the total thickness

of the two layers constant. In the actual process of apply-

ing the coating, therefore, we can test the thickness after

one layer is applied, and then eliminate the thickness er-

ror by adjusting subsequent layers.

Let us go back to Figure 6. The two clusters of curves

on both sides of the optimal curve are almost coincident

with no crossings, and similar features are also found in

Figure 4 for a total of three clusters of curves. These three

clusters of curves are characterized by a fixed RI differ-

ence between two layers. Then we draw a series of curves

with an RI difference of 0.13, as shown in Figure 8. When

n1 and n2 change by 0.03 simultaneously, ∆T ≈ 0.1.

Compared with the results in Figure 6, we believe that

the optimal RI difference between two layers is 0.13,

and the more deviation there is from this value, the far-

ther the transmittance deviates from the optimal solution.

However, the synchronous RI errors from two layers will

introduce less variation in transmittance than the individ-

ual error from one layer. Under the premise of maintain-

ing ∆n, the lower the RI of the outer layer is, the higher



124–8 Y.-R. Wang et al.: Study on Broadband Antireflection Coatings

200 400 600 800 1000 1200

99.0

99.2

99.4

99.6

99.8

100.0

 

 

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

300 305 310 315

99.3

99.4

99.5

Fig. 8 A cluster of curves with an RI difference of 0.13. n1 and n2 change by 0.03 simultaneously.

400 600 800 1000

98

99

100

 

 

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

300 400 500

0

3

6
 

 

Ab
so

rp
ta

nc
e 

(%
)

Wavelength (nm)

Fig. 9 The transmittance of single-side coated films in Table 1. The absorbance of quarter-wave TiO2

coatings from 300 nm to 500 nm is shown in the inset.

Table 1 Parameters used to construct a typical 8-layer dielectric film stack with a substrate of fused silica.

The reference wavelength is 510 nm.

Layer Material RI Extinction coefficient Optical thickness (FWOT) Physical thickness (nm)

Medium Air 1 0

1 MgF2 1.38542 0 0.28857433 106.23

2 TiO2 2.34867 0.00037 0.09577107 20.8

3 SiO2 1.4618 0 0.0612797 21.38

4 TiO2 2.34867 0.00037 0.51796575 112.47

5 SiO2 1.4618 0 0.04651835 16.23

6 TiO2 2.34867 0.00037 0.1164711 25.29

7 SiO2 1.4618 0 0.12799445 44.66

8 TiO2 2.34867 0.00037 0.04589671 9.97

Substrate SiO2 1.4618 0

Total 1.30047145 357.02
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Fig. 11 Transmittance variation for different fixed RI of three-layer AR coatings.

the transmittance becomes. This conclusion is of great

significance in guiding the actual process.

3.2 Comparison with Vacuum Dielectric Film

Due to good performance of the two-layer sol-gel coat-

ings, we believe a better result can be produced by

increasing the number of layers with different RIs.

However, before introducing a three-layer structure, we

will make a comparison between the vacuum dielectric

coating and the sol-gel coating.

Parameters used to construct a typical 8-layer struc-

ture with a substrate of fused silica are listed in Table 1,

and the transmittance curve is shown in Figure 9. As we

can see, the curve greatly decreases near 400 nm, which

is caused by absorption from the TiO2 layer. If we ex-

tend the band to 300 nm, the absorption will be more

severe (Fig. 9 inset). A number of conventional dielec-

tric materials have absorption in the ultraviolet region,

which makes the vacuum dielectric film greatly disad-

vantageous when applied to wideband AR coatings.

Here, the TiO2 layers are replaced with HfO2 that

has no absorption in the ultraviolet region, and we get a

better result (Fig. 10). However, there are big challenges

in coating homogeneity, coating stress and controlling

the process as the number of layers increases. Therefore,

it is almost the best result for the vacuum dielectric coat-

ing. However for the KECK telescope, a combination of

silica sol-gel over dielectric MgF2 was used, which pro-

vides a better result than traditional vacuum dielectric

multilayer coatings.

Figure 10 shows the double-sided transmittance of

a vacuum 8-layer coating, the KECK coating and sol-

gel coating from 300 nm to 1100 nm, and the associated
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Fig. 12 The optimized curve for a three-layer coating, which uses 1.40/1.29/1.16.

Table 2 Variation rules for partition in Fig. 12

A B C D E

n1 ↑ ↑ ↓ ↑

n2 ↑ ↓ ↑ ↓

n3 ↑ ↓ ↑ ↓ ↑ ↓

statistical data are listed in the inset of Figure 10. Sol-

gel coating has the highest average and minimum trans-

mittance in the whole band, followed by KECK, and the

worst is the dielectric coating, but there is a certain ad-

vantage in the visible waveband of the KECK coating.

The reason why the KECK AR coatings have a some-

what poor result is that the MgF2 layer has an RI of 1.37,

far from the best n2 (1.29). Therefore, it is possible to get

a better result using the sol-gel two-layer structure than

using the vacuum 8-layer or KECK coatings. The diffi-

culty in achieving the theoretical value lies in the precise

regulation of RI and thickness, which is the focus of the

following experiment.

3.3 Three-layer System

The optimization methods are also applicable to three-

layer structures. Firstly, we draw several curves to under-

stand how transmittance changes with the RI of the three

layers (Fig. 11), and then do a simple partition of it and

give a summary of the variations in Table 2. From this

rule, we can gradually adjust the curve for any combina-

tion of RIs until the target requirements are satisfied, that

is, having the minimum points on the same horizontal

line, as much as possible.

Figure 12 shows the optimized curve, which is

1.40/1.29/1.16, and ∆n ≈ 0.12. We also make a com-

parison between the two-layer and three-layer systems in

Figure 13b. The two have approximately the same aver-

age transmittance (99.68% and 99.76% for the two-layer

and three-layer cases, respectively), but the three-layer

system possesses a better spectral reproduction ability

and smaller fluctuations, with single-sided transmittance

being more than 99.6% in the whole band.

In consideration of the experiences above, we may

expect a better spectral performance with ever-increasing

layers, however, the results are not notably better than

the three-layer system after a large number of simulation

tests. Moreover, difficulties in manufacturing increase

rapidly with an increasing number of layers, so it is not

practical. Let us go back to the simulations related to the

two-layer and three-layer systems. The lowest RI is 1.16,

and there is a big gap from the air, which limits the ulti-

mate performance. In fact, the degree that transmittance

performance might achieve is mainly determined by the

outermost film, so we would expect a better result as n1

is decreasing, as shown in Figure 13a.

Comparing the results of two-layer and three-layer

structures, we found that the difference in RI from adja-

cent layers is about 0.11–0.13. Without considering the

actual feasibility, the silica sol-gel on a fused silica sub-

strate is no more than four layers. Figure 13b shows one

of the results, with a minimum transmittance of 99.93%

and an average transmittance of 99.98%, indicating an

ideal approximately zero reflectance of no more than

0.07% in the whole band. This is a big gain in trans-

mittance compared to the three-layer system. However,

the most encouraging results stay in theory for now since
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Fig. 13 (a) Comparison of three-layer coating with different n1 which is available. (b) Optimum transmittance of 2-layer, 3-layer

and 4-layer coatings.
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Fig. 14 Transmittance of bare substrate, 2-layer, 3-layer and 4-layer as a function of angle of incidence.

the sol-gel film, with an RI less than 1.1, is difficult

to produce, and by reducing the outermost RI, a three-

layer film could also yield a perfectly acceptable result.

A comparison of two, three and four-layer coating single-

sided transmittance is shown in Figure 13b.

Besides perfect broadband AR performance, the

graded-index multilayer coatings also have great poten-

tial in suppressing reflection for a wide range of angles

of incidence. The relationship between transmittance and

angle of incidence for the two-layer, three-layer and four-

layer sol-gel is shown in Figure 14. The curves corre-

sponding to two and three layers are close to each other,

and T0−55 ≥ 99%, T0−72 ≥ 90%. For the four-layer

structure, T0−62 ≥ 99%, T0−76 ≥ 90%.

4 CONCLUSIONS

In this paper, we describe the structural designs for ultra-

wideband AR coatings used in large aperture astronomi-

cal telescopes, and obtain the optimal solution by numer-
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ical simulations. The error analysis and feasibility analy-

sis are carried out according to the actual process of pro-

ducing sol-gel which will provide abundant data that can

support future experiments. In the end, we list several

notes related to broadband multilayer coatings based on

fused silica. The target band is 300–1100 nm.

(1) The RI of the coating gradually decreases from the

substrate to the air, that is, nsub > nk > · · · > n1 >

nair, where k is the number of sublayers.

(2) The difference in RI between adjacent layers is about

0.11–1.13.

(3) On the premise of note 2, the lower the RI is of the

outermost layer, the better the performance.

Satisfying the above conditions, silica sol-gel coat-

ings are applied with a maximum of four layers, and

the optical thickness of each layer is about one quarter

of the reference wavelength. More layers cannot achieve

remarkably better results. Taking into account practical

feasibility, two or three layers can achieve a perfect re-

sult with an average transmittance of 99.7% in the region

from 300 nm to 1100 nm.

The method used for our analysis is suitable for other

bands and substrates. It is also instructive for large area

AR coatings in the field of solar cells. Sol-gel films,

due to their good broadband anti-reflection capability

(especially in the ultraviolet band), simple manufactur-

ing process, suitability for large area coating, high cost-

performance ratio, etc, are believed to have prospects for

wide application in the field of large aperture astronomi-

cal telescopes.
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