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We theoretically simulate the antireflective effects of oxide nanosphere monolayer films in the visible spectrum.
The essential geometric and material parameters of nanosphere films are simulated and different functions are
proposed to describe the dependence of reflectance on the influencing factors. The rational function is fitted to
describe the monotonic decreasing of reflectance on the ratio of nanospheres’ radius to incident wavelength. At a
wavelength of 550 nm and incidence at 75°, the reflectance of the glass substrate coated with SiO2 decreases to
14.1% compared with 41.7% of the uncoated glass. The results have an excellent potential for applications in
optical devices such as filters, polarizing elements, and camera lenses. © 2019 Optical Society of America

https://doi.org/10.1364/AO.58.004926

1. INTRODUCTION

In recent years, there has been a breakthrough in the develop-
ment of antireflection due to the strong desire to improve the
performance of optical and optoelectronic components, such as
lenses, solar cells, and high digital screens. Currently, antireflec-
tion methods can be divided into dielectric interference coat-
ings, surface texturing, adiabatic index matching, and scattering
from plasmonic nanoparticles [1]. By removing the mismatch
impedance between the heterogeneous media at the interface
[2], the antireflection technology eliminates unwanted light
loss, thereby increasing the incident efficiency. With the devel-
opment trend of component integration and miniaturization,
the sub-wavelength structures have received extensive attention
[3–6] in the antireflection effect. With many tunable factors,
such as the period, depth and cross-sectional geometry, now the
sub-wavelength structures have turned into many mature
shapes [7–10]. Among them, nanospheres [11] have self-
assembly ability and are not affected by the optical diffraction
limit in the preparation process [12]. Compared with the
preparation of sub-wavelength nanostructures by deep ultravio-
let exposure or electron beam exposure [12], the oxide nano-
sphere film has lower cost, more conventional structure,
shorter productive period, and more controllable antireflection
in the visible light. Then a question comes out whether a mono-
layer film of nanospheres could also lead to a striking antireflec-
tion effect. The answer has proved to be yes [13]. Not only that,
the single-layer nanosphere film can be coated on both sides of
the glass [14] and work in 300–1300 nm [15]. Compared to the
bulk film mostly used in single wavelength, the monolayer
nanosphere film performs a more extensive antireflection effect

with large angle and wide spectrum. Furthermore, by combin-
ing the radius, concentration, and type of nanospheres, a single-
layer nanosphere film can even have more functions like
self-cleaning capacity [16], super-hydrophilicity [17], hydro-
phobicity [18], and antifogging property [19]. However, the
dependence of reflectance on geometric and material parameters
of nanosphere antireflection films is very complicated and there
is a lack of related work. Our work is a combination of the in-
fluential factors for the monolayer nanosphere film. The results
not only further verify the antireflective effect of the monolayer
nanosphere film but also provide deep understandings for the
corresponding studies by quantitative functions.

In this work, we mainly focus on the reflectance law of oxide
nanosphere monolayer film under large incident angle and sys-
tematically summarize the antireflective laws of oxide nano-
sphere film from a theoretical perspective. We simulate the
appearance of the film surface by building a three-dimensional
periodic model. In most cases, the general evolution of optical
properties with geometric and material parameters are not en-
tirely taken into account [20]. Motivated by a simulation with
different glass substrates [21], we intend to combine and quan-
tify the influential factors by functions, including nanosphere
radius (r), incident wavelength (λ), polarization state (s), rela-
tive refractive index difference (Δ), and surface roughness (D).
Inspired by the previous experiments [13,14], our simulation
has enough reliability and flexibility because of its simply
changed parameters and extensive ranges. This study can sim-
plify the nanosphere film fabrication experiments and is readily
applicable to various fields, especially in transparent optics like
filters, polarizing elements, and camera lenses.
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2. MODELING

This simulation uses the wave optics module of COMSOL
Multiphysics. To simulate the refractive interface formed by
the nanospheres and the substrate, we have established a
three-dimensional cube with size λ × λ × 2λ as one periodic unit
model, as shown in Fig. 1(a). The model can be divided into
three parts according to the refractive index: air (nA � 1),
nanosphere layer (nN � 1.40–2.35) [22], and glass substrate
(nB � 1.5). Among the oxide nanospheres, SiO2�ns � 1.45�
has low cost and stable chemical properties and has been widely
used in optical coatings, sensors, and other fields [23].
Therefore, we choose SiO2 nanospheres as the principal re-
search object. Larger nanospheres bring rougher surface and
more scattering; therefore, we only demonstrate the results
of oxide nanospheres with a radius from 10 to 80 nm, making
sure r∕λ ≪ 1 for visible light.

The unit cell composes of two kinds of depression: uniform
and random [Figs. 1(b) and 1(c)]. When all the nanospheres are
uniformly depressed, the distance between nearest neighboring
nanospheres is equal to λ, which means they are densely packed.
Moreover, the sample step of each depression is 5% × r. Ideally,
the film is entirely uniform depressed, as shown in Fig. 1(b);
wherein, the uniform depression refers to the surface simulta-
neous lower depth D. However, due to the unavoidable factors
in fabrication techniques [1], the film has inevitable random
depressions, as shown in Fig. 1(c), where we set each nanosphere
depressed at a fluctuating depth of 5% × r around the uniform
depression. The randomness of 5% of the radius is a critical
value because the randomness below 5% is enough to display
different types of the substrate surface and will not disturb the
next depression sample. When all the nanospheres are uniformly
recessed by 5% of the radius, the random depressed nanosphere
can have any depth in 0%–10% (excluded) of the radius, as
shown in Fig. 1(c), but the average depths of the uniform
and random depression are the same.

The incident light is loaded by port by the upper surfaces of
the model and incidents in the XOY plane along the angle θ
with the z-direction, varying from 0° to 90°. R is the total re-
flectance of the nanosphere film. The nanosphere film con-
forms to the Floquet periodic condition and the wave vector
for the Floquet periodicity is calculated by periodic ports.
Tetrahedral meshes are selected in this model. The maximal

mesh element size is 28 nm and the minimal is 1 nm. Even
though the meshes are divided finer, the results of the solutions
are left unchanged and the convergence of our simulation
results has been verified.

The wave equations in the frequency domain for the wave
optics module of COMSOL Multiphysics are given as

∇ × �μ−1r ∇ × E� − k20
�
εr −

iσ
ωεr

�
E � 0, (1)

where E is the electric and magnetic field amplitudes, μr and εr
are respectively the relative permeability and permittivity of the
medium, k0 is the wave vector, and σ is the conductivity.

Usually, the traditional method for reflectance problems is to
perform an effective approximation of the refractive index based
on the Maxwell–Garnett theory. At the sub-wavelength scale,
we also perform a comparison between the effective refractive
index and our simulation to figure out whether a difference ex-
ists. Under wave propagation, we can consider that an inhomo-
geneous film is composed by many layers of “homogeneous”
mixtures. Thus, the effective refractive index can be determined
as a whole. Based on the Maxwell–Garnett model [24], the ef-
fective refractive index n can also be evaluated from the equation�

n2 − n21
n2 � 2n21

�
2

� �1 − f �
�
n22 − n

2
1

n22 � 2n21

�
2

, (2)

where n1 and n2 are the refractive indices of media and f is the
volume fraction of the medium. When the surface roughness is
reduced to the sub-wavelength scale, the axially varying effective
refractive index can provide a smoother graded transition of re-
fractive index between air and the substrate. Consequently, the
undesirable reflectance will be eliminated by infinitely approxi-
mating the continuous changes in the refractive index of an
interface.

3. RESULTS

The radius of the nanosphere is the core factor affecting the
antireflection effect of the nanosphere film [25]. Figures 2(a)
and 2(b) show the effects of 10–80 nm SiO2 nanospheres
for an incident angle between 0° and 90°. The incident light
wavelength is chosen as 550 nm because it is the key choice
for spectral line calibration. The polarization state of the system
is s:p � 1:1. According to Fig. 2(a), when θ ≤ 45°, the reflec-
tance only increases by 1%–4.5%. So we focus on θ > 45°,
shown in Fig. 2(b). When the 550 nm light is incident at
75°, the reflectance of the 10–80 nm SiO2 nanosphere film
ranges from 14.1%–25.3% compared to 41.7% on ordinary
uncoated glass. It means that the nanosphere film can relatively
cut down the reflectance at least by 39.5%–66.3% with a large-
angle incidence. We calculated the reflectance of the uncoated
glass both by the Fresnel equation and simulation with the
same incident condition (λ � 550 nm, θ � 75°) and the
two results are the same. To better characterize the wavelength’s
effect on the reflection, we plotted Figs. 2(c) and 2(d).
Figures 2(c) and 2(d) show the wavelength’s effect on the re-
flectance when 45° ≤ θ ≤ 90°. Figure 2(d) is the two-
dimensional show of Fig. 2(c). When the radius is known,
the reflectance ranges during 8%–25% at the short wavelength
and 19%–25% in the long wavelength. The longer wavelength

Fig. 1. (a) Model of the nanosphere coating film. (b) Uniform de-
pression on the surface of the nanosphere film. (c) Random depression
on the surface of the nanosphere film.
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brings higher reflectance. The ratio of the nanospheres’ radius
to the wavelength is an important parameter. When r ≪ λ, the
interface becomes a discontinuous boundary [3,5,6,8]. When
r∕λ becomes larger, the boundary tends to be continuous,
which means the graded refractive index of the film becomes
smoother, resulting in the stronger antireflective effect. So, to
realize a better antireflection effect in the wide spectrum,
we can use a larger radius (but still in the sub-wavelength) of
nanospheres.

Polarization is an essential physical property of light.
Differently polarized light leads to different surface reflection
according to Fresnel equations. When θ � 0° or 90°, s and
p polarization show the same reflectance, while when
θ � 0° − 90°, s and p polarization have different reflectance
trends. This effect of polarization on the reflection will help
to decline the glare in particular directions. Also, materials have
an essential physical property, the refractive index, which can
affect the light’s propagation and film’s antireflection effect. In

Fig. 2. Effects of radius and wavelength on reflectance. (a) Nanosphere radius’s effect on the reflectance when θ � 0°–45°. (b) Nanosphere
radius’s effect on the reflectance when θ � 45°–90°. (c),(d) Wavelength’s effect on the reflectance when θ � 45°–90°.

Fig. 3. Polarization and materials effect on the reflectance. (a) S-polarized proportions effect on reflectance. (b) Relationship between relative
refractive index difference and reflectance. (c) Distribution of effective refractive index in the z-direction with 80 nm nanosphere.
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Fig. 3, we simulated the polarization and materials’ effect on the
reflectance when r � 70 nm and λ � 550 nm. In Fig. 3(a) we
studied the trend of the surface reflectance with the proportion
of the s-polarized state in the incident light. The ratio s of
s-polarized light in the incident light takes from 0% to 100%.
We can see that the influence of the polarization state on
reflectance is within 3%, and the trend of change is similar
to the exponential change. In Fig. 3(b), we use the relative re-
fractive index difference Δ � �nB − nN �∕nB to describe the
contribution of materials to reflectance. It can accommodate
different nanospheres and substrate materials. According to
the common nanosphere materials on the market, the relative
refractive index difference Δ � 0.03–0.63 for some typical
oxides with r � 10–80 nm is shown in Table 1.

In Fig. 3(b), under the same stimulated environment, the
relative refractive index difference makes the reflectance above
17%. As the difference in refractive index between the film
material and the substrate increases, the absolute reflectance
change fluctuates around 6%.

Another alternative way to describe the optical properties of
nanosphere interface is the effective refraction index. When the
nanospheres are uniformly distributed on the film’s surface,
through Eq. (2), we gradually calculate the effective refractive
index of the film from the substrate to the air, shown in
Fig. 3(c). Through weighting the area of Fig. 3(c), the average
equivalent refractive index is 1.24. With a similar reflectance
changing tendency, when θ ≤ 30°, the results from our simu-
lation and the effective refractive index can be replaced by each
other because η ≤ 2%; here η is the relative error between the
refractive index approximation and the simulation. When
θ ≥ 45°, η ≥ 10%. Therefore, the antireflection effect under
large angle incidence at the sub-wavelength scale cannot be
precisely calculated by the effective refractive index.

The depression degree of the nanospheres reflects the surface
roughness, which is another critical factor influencing the reflec-
tive properties of the film surface. Figure 4 shows the effects of

Table 1. Reference for Nanosphere Materials [26,27]

Material Refractive Index Minimum Radius (nm)

SiO2 1.45 7
Al2O3 1.63 20
MgO 1.70 50
ZnO 2.00 10
TiO2 2.35 5

Fig. 4. Effects of the surface depressions’degree and uniformity. (a),(c) Uniform depression’s effect on the reflectance. (b),(d) Random depression’s
effect on the reflectance. (c) Reflectance distribution of (a) in two dimension. (d) Reflectance distribution of (b) in two dimension.
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the surface depressions’ degree and uniformity when θ ≥ 75°.
The comparison of Figs. 4(a) and 4(b) reveals that the impact
of uniform depression and random depression on reflectance is
similar. However, according to Figs. 4(c) and 4(d), the surface
reflectance of the uniform depression is twice as large as the ran-
dom depression at the incidence of 75°. Under the same sim-
ulation conditions, the depression’s randomness has an influence
limited to 2% on reflectance. Although both of the uniform and
random depressions have a similar influence on the reflectance
because their average depths are the same throughout the
simulation, compared with the uniform depression, the random
depressed nanospheres relatively deepen the gaps between nano-
spheres and induce less reflectance than that of the uniform
depression under the same simulating condition.

4. DISCUSSION

To further analyze the influential factors of nanosphere film
reflectance, we fit the geometric and material parameters of
nanosphere films relating to reflectance under different incident
conditions, shown in Figs. 3(a) and 3(b) and Figs. 5(a) and 5(c).

First, let us discuss the nanosphere radius because it is the most
critical factor affecting the reflectance of the film. Second, we
explore how λ, s, Δ, and D affect the total reflectance R under
the known nanosphere radius (r � 70 nm). In Fig. 5(a), we
have shown that the nanosphere’s radius has a consistent effect
on antireflection when 0° ≤ θ ≤ 90°. Therefore, in Figs. 5(b)
and 5(c) and Figs. 3(a) and 3(b) we mainly discuss the law at
75° to show the regularity more obviously.

According to the simulation results of Fig. 5(a) that the
reflectance decreases with the radius of nanospheres changing
from 10 to 80 nm, the reflectance dependence on the nano-
sphere radius satisfies rational function as

R
�
r
λ

�
� a1 � a2 × r

λ

1� a3 × r
λ � a4 ×

�
r
λ

�
2
, (3)

where R is still the total reflectance; r∕λ is the normalization for
radius r by incident wavelength λ. ai�i�1,2,3,4� are the dimen-
sionless parameters describing R�r�, which change with λ, s,
Δ, and D. When r∕λ → ∞, R → 0. Since the nanosphere film
is a single layer, when r → ∞, it means that the film roughness

Fig. 5. Fittings of the results. (a) Radius effect on reflectance with incident angle θ � 15°, 30°, 45°, and 75°. (b) Wavelengths’ effect on re-
flectance. (c) Reflectance comparison between uniform and random depression. Both (b) and (c) are under 75° incidence. All incidence with
polarization state s:p � 1:1.
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is infinite. This is just like beams of sunlight being incident in
an extremely lush jungle. Therefore, there is no reflection of the
system. Moreover, when r → 0, R → a1, that is R�0� � a1,
which means a1 is the surface reflection produced by the sub-
strate itself. When the radius of the nanosphere ranges 50–
80 nm, R is relatively affected by 2%–3%. When adjusting
λ, s, Δ, and D for different conditions, the parameters corre-
sponding to a1, a2, a3, and a4 in Eq. (3) are given in Table 2;
here the confidence limit of ai is 95%. Comparing these values,
we find that a1 and a4 are always positive, and a1 is 4 orders of
magnitude larger than a4. Also, a2 and a3 are both negative and
a2 is an order of magnitude smaller than a3. After simulations
with a larger radius [28], this formula can be developed for the
antireflection film with oxide spheres from a nanosize to micro-
size level. According to Table 1, since the value of a4 × �r∕λ�2 is
quite small, we simplify Eq. (3) by eliminating the parameter
a4, shown in Eq. (4):

R
�
r
λ

�
� a1 � a2 × r

λ

1� a3 × r
λ

: (4)

Deviations from the data shown in Fig. 5(b) and a rational
function [Eq. (4)] are originally from the model’s simplification
and ideality.

Based on Fig. 3(a), when specifying s � 0%–100%, the cor-
responding reflectance increases with the s-polarized light.
When s � 0, the p-polarization state takes a full responsibility.
The fitting function for the polarization’s effect is exponential
and written as

R�s� � R1 � b1e−b2s : (5)

Just like Eq. (3), R1 is also an initial value. b1 and b2 include the
influences of r, s,Δ,D, and θ. When r � 70 nm, λ � 550 nm
and s � 0%–100%, the reflectance of the nanosphere film
fluctuates by 3%.

We use relative refractive index difference Δ to show the
nanosphere materials’ effect on the reflectance, as Fig. 3(b).
It is monotonically increasing like the effect of the polarization
state, but the curvature changing is opposite. The fitting quad-
ratic function R�Δ� shows the relationship between the reflec-
tance and relative refractive index difference Δ and is written as

R�Δ� � R2 � c1 × Δ� c2 × Δ2: (6)

The factors c1, c2 are comprehensively determined by the other
parameters. When r � 70 nm, λ � 550 nm and s � 50%, for
the alternative oxide, the relative refractive index difference has
5% influence on the reflectance. Furthermore, under the same
incident conditions, when the size of the nanospheres is smaller
than 40 nm, the change in reflectance can be ignored.

The depression of the nanospheres is another crucial factor
affecting the reflectance. When r � 70 nm, λ � 550 nm, we
set a synchronous depression. This means that all the nano-
spheres in the unit cell have recessed to the same extent d , then
the depression depth is D � d × r. Meanwhile, for a random
depression, we introduce the randomness into D. With a same
average depression depth, we compare the influences of the de-
pression uniformity. According to the numerical calculation,
the effects of both the uniform and random depressions show
the exponential distribution and can be expressed as follows:

R�du� � R3 � d 1e−d 2du , (7)

R�d r� �
1

2
R3 � d 1e−d 2d r : (8)

In Eqs. (7) and (8), R3 is an initial value. Moreover, d 2 is related
to r, s, Δ, D, and θ. According to Fig. 5(c), the random de-
pression has a half of the initial incident value of the uniform
depression. Both of them have an exponential tendency. When
the depression degree d � 0%–100%, the variety of reflec-
tance for the uniform depression is 15%, while it is less than
4% for the random depression.

5. CONCLUSION

In summary, for the first time, we have achieved a quantitative
relationship between reflectance and nanosphere radius, inci-
dent light wavelength, polarization state, oxide material, and
surface depression by an oxide nanosphere model. By adjusting
the radius of the nanospheres, the reflectance can be reduced by
up to 66% compared to the uncoated glass for the incident
light of 550 nm with 75° incident angle. According to this
model, the 80 nm nanosphere layer has a maximum reflectance
of 3% at a normal incident wavelength of 480 nm, which is
comparable to the previous report [29]. When the incident
angle θ ≤ 30°, the reflectance of the nanosphere film can be
quickly estimated by the effective refractive index. Our work
will have potential applications in various fields [30–33], espe-
cially in transparent optics like high-digital screens and lenses.
The model and laws of this study can be generalized not only in
ultraviolet but also in infrared bands.
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