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(57) ABSTRACT 

The optical element of the present invention has an anti 
reflection film formed on a substrate. Here, the anti-reflection 
film comprises a first layer formed on the Substrate; a second 
layer formed on the first layer and consisting of a material 
different from that of the first layer; and a third layer formed 
on the second layer and consisting of a concave-convex struc 
ture. Also, the third layer has three regions of which a refrac 
tive index for each thickness changes at a constant rate by 
continuously changing the space filling factor of the concave 
COnVeX Structure. 
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FIG 7A 
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FIG. 12A 
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OPTICAL ELEMENT, AND OPTICAL 
SYSTEMAND OPTICAL APPARATUS USING 

SAME 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 The present invention relates to an optical element 
including an anti-reflection film, and an optical system and an 
optical apparatus using the same. 
0003 2. Description of the Related Art 
0004 Conventionally, an anti-reflection film for prevent 
ing the loss of the light intensity of incident light has been 
coated on the surface of the optical element employed in the 
imaging optical system provided in a photographing lens for 
use in an optical apparatus such as a video camera, a photo 
graphic camera, a television camera, or the like. For example, 
a dielectric multilayer film (typically called “multi-coating) 
is widely employed as an anti-reflection film for an optical 
element for visible light. The dielectric multilayer film is 
formed of thin films, each having a different refractive index 
and an appropriate thickness, stacked together, whereby the 
amplitudes and the phases of reflected waves generated on the 
Surfaces and the interfaces of the films are adjusted and made 
to interfere with each other so as to reduce reflected light. The 
anti-reflection film formed of the dielectric multilayer film 
exhibits excellent anti-reflection performance with respect to 
a light beam having a specific wavelength or at a specific 
incident angle. However, since the interference condition is 
not met for other light beams, it is difficult for the anti 
reflection film to realize high anti-reflection performance 
across a wide wavelength band or a large incident angle 
range. 
0005. On the other hand, in a recent digital camera, an 
image sensor such as a CCD or a CMOS having a reflectance 
higher than that of a silver salt film has been used. Thus, a 
specific ghost called a “digital ghost' caused by the light, 
which has been reflected from the sensor surface of the image 
sensor, reaching the sensor Surface again after being reflected 
from a lens (optical element) Surface may readily occur. Also, 
as a lens employed in the digital camera, an abnormal disper 
sion glass, an aspherical lens, a lens having a large curvature, 
or the like may be often used in order to simultaneously 
achieve high quality images or high specification (Zoom mag 
nification or brightness) and portability (size reduction or 
weight reduction). In particular, in a lens having a large cur 
Vature, a light beam is incident at a large angle to the periph 
eral part of the lens. Therefore, the conventional anti-reflec 
tion film formed of the dielectric multilayer film as described 
above cannot prevent the reflection of light, resulting in the 
occurrence of unnecessary light, such as flare or ghost, which 
may adversely affect the resultant quality of photographed 
images. 
0006. Therefore, there has been a demand for an anti 
reflection film which is excellent in wavelength band charac 
teristics and incident angle characteristics, and Japanese 
Patent No. 4433390 discloses an anti-reflection film in which 
a magnesium fluoride layer is formed by a sol-gel method on 
a three-layered dielectric thin film formed by a vacuum depo 
sition method and an optical element having the anti-reflec 
tion film. 
0007 Here, in the vacuum deposition method disclosed in 
Japanese Patent No. 4433390, an anti-reflection film is 
formed by a deposition material that is ejected from a depo 
sition Source and is deposited on a lens. In this case, assume 
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that the film thickness at a position perpendicular to the depo 
sition source is defined as 1, the film thickness at a position 
inclined at an angle of 0 is theoretically cos 0. In other words, 
when a film is deposited on a lens having a large curvature 
using a vacuum deposition method, the thickness at the 
peripheral part of the lens is thinner compared with that at the 
central part thereof. Thus, if an anti-reflection film is formed 
by applying the film forming method disclosed in Japanese 
Patent No. 4433390 to a lens having a large curvature, the 
thickness at the peripheral part of each of the first layer to the 
third layer disclosed in Japanese Patent No. 4433390 
becomes thin, and thus, the interference condition is not met, 
resulting in a high probability of adversely affecting anti 
reflection performance. 
0008. In contrast, for example, it is also contemplated that 
the thickness at each of the central part and the peripheral part 
of a lens may be made uniform by employing a method in 
which a shielding having an appropriate opening is provided 
between a deposition source and a lens, and a deposition 
material is deposited through the shielding onto the lens while 
rotating it. However, if such a method is employed, the depo 
sition material to be deposited onto the lens may adhere to the 
shielding, resulting in a reduction in the film-forming effi 
ciency. In addition, the number of lenses housed within a 
deposition apparatus is reduced so as to ensure a space for 
installing a rotation mechanism, resulting in a reduction in 
productivity. 

SUMMARY OF THE INVENTION 

0009. The present invention has been made under these 
circumstances and provides an optical element having an 
anti-reflection film which is advantageous not only for pro 
ductivity but also for wavelength band characteristics and 
incident angle characteristics. 
0010. According to an aspect of the present invention, an 
optical element having an anti-reflection film formed on a 
substrate is provided wherein the anti-reflection film includes 
a first layer formed on the substrate; a second layer formed on 
the first layer and consisting of a material different from that 
of the first layer; and a third layer formed on the second layer 
and consisting of a concave-convex structure, and wherein the 
third layer has three regions of which a refractive index for 
each thickness changes at a constant rate by continuously 
changing the space filling factor of the concave-convex struc 
ture. 

0011. According to the present invention, an optical ele 
ment having an anti-reflection film which is advantageous not 
only for productivity but also for wavelength band character 
istics and incident angle characteristics may be provided. 
0012. Further features of the present invention will 
become apparent from the following description of exem 
plary embodiments with reference to the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 is a cross sectional view illustrating the con 
figuration of an optical element according to one embodiment 
of the present invention. 
0014 FIG. 2 is a graph illustrating a refractive index struc 
ture for an optical element according to one embodiment. 
0015 FIGS. 3A and 3B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
first embodiment. 
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0016 FIGS. 4A and 4B are graphs illustrating the charac 
teristics of the optical element according to the first embodi 
ment. 

0017 FIGS. 5A and 5B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
second embodiment. 
0018 FIGS. 6A and 6B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
third embodiment. 
0019 FIGS. 7A and 7B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
fourth embodiment. 
0020 FIGS. 8A and 8B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
fifth embodiment. 
0021 FIGS. 9A and 9B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
sixth embodiment. 
0022 FIGS. 10A and 10B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
seventh embodiment. 
0023 FIGS. 11A and 11B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
first comparative example. 
0024 FIGS. 12A and 12B are graphs illustrating the struc 
ture and characteristics of an optical element according to the 
first comparative example. 
0025 FIGS. 13A and 13B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
second comparative example. 
0026 FIGS. 14A and 14B are graphs illustrating the struc 
ture and characteristics of an optical element according to a 
third comparative example. 
0027 FIG. 15 is a table illustrating various numerical val 
ues relating to embodiments and comparative examples. 
0028 FIG. 16 is a cross sectional view illustrating the 
configuration of an optical system according to one embodi 
ment of the present invention. 

DESCRIPTION OF THE EMBODIMENTS 

0029. Hereinafter, preferred embodiments of the present 
invention will be described with reference to the drawings. 

First Embodiment 

0030 Firstly, a description will be given of an optical 
element according to one embodiment of the present inven 
tion. FIG. 1 is a schematic cross-sectional view illustrating 
the configuration of an optical element 1 according to the 
present embodiment. FIG. 1 shows the enlarged surface por 
tion of the optical element 1. The optical element 1 includes 
a light-transmitting Substrate 2 and three layers, i.e., a first 
layer 4, a second layer 5, and a third layer 6, which are formed 
on the surface of the substrate 2 (on the substrate) and con 
stitute an anti-reflection film 3 in order from the side of the 
substrate 2. Here, the term “anti-reflection film' refers to a 
film that is formed on the surface of an optical element 
employed in the imaging optical system of a photographing 
lens for use in an optical apparatus such as a digital camera so 
as to avoid the occurrence of ghost and flare caused by unnec 
essary light. All of the values of refractive indices exemplified 
in the following description are defined by the wavelength of 
550 nm. 
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0031. The substrate 2 is a transparent member that consists 
of a glass and a resin and has a refractive index in the range of 
from 1.65 to 2.20. For ease of explanation, the shape of the 
substrate 2 is a flat plate (plane) as shown in FIG. 1, but may 
be a curved plate or a film-like plate. In addition, the surface 
of the substrate 2, on which the anti-reflection film 3 is 
formed, may also be a curved surface, a concave surface, or a 
convex surface. 

0032. The first layer 4 is a film that has a thickness in the 
range of from 30 to 70 nm and a refractive index in the range 
of from 1.52 to 1.82. The first layer 4 may be an organic resin 
layer containing, for example, polyimide. The second layer 5 
formed on the first layer 4 is a film that is formed of a material 
different from that of the first layer 4 and has a thickness in the 
range of from 10 to 50 nm and a refractive index in the range 
offrom 1.40 to 1.58. The second layer 5 may by a porous layer 
whose principal component is, for example, aluminum oxide. 
Furthermore, the third layer 6 formed on the second layer 5 is 
a concave-convex structure (concave-convex structured film) 
that has a thickness in the range of from 200 to 300 nm and has 
regions in which the refractive index substantially continu 
ously changes from a value in the range of from 1.40 to 1.58 
toward 1.0 (air). Here, the term “substantially continuously 
changes' does not mean that the refractive index of a material 
itself for a film continuously changes, but means that the 
effective refractive index changes by continuously changing 
the space filling factor of a fine concave-convex structure 
having an average pitch of 400 nm or less. This is because 
light has the property of not recognizing a concave-convex 
shape equal to or less than a wavelength of light itself but 
recognizing a concave-convex structure as a medium having 
an effective refractive index. When the effective refractive 

index is indicated by “n?”, the refractive index of a material 
having a fine concave-convex shape equal to or less than a 
wavelength of light itself is indicated by “n”, and the space 
filling factor of the material is indicated by “ff, the effective 
refractive index "n," can be calculated using the Lorentz 
Lorenz equation shown in the following Formula (1): 

0033. In other words, if a structure having a pitch equal to 
or shorter than a wavelength of light itself and a continuously 
changing space filling factor of “ff is formed, the third layer 
6 becomes a structure of which the refractive index substan 
tially continuously changes. 
0034 FIG. 2 is a graph schematically illustrating the 
refractive index structure of an optical element according to 
one embodiment. As shown in FIG. 2, the third layer 6 is 
different from the substrate 2, the first layer 4, and the second 
layer 5, and is formed by three regions of which the refractive 
index changes at a constant rate. Among these three regions, 
firstly, the first region positioned immediately above the sec 
ond layer 5 has a thickness in the range of from 15 to 45 nm. 
and a refractive index changing at a rate in the range of from 
4.4 to 12x10 nm. Next, the second region positioned 
adjacent to the first region has a thickness in the range of from 
25 to 75 nm and a refractive index changing at a rate in the 
range of from 1.9 to 4.3x10 nm. Furthermore, the upper 
most third region positioned adjacent to the second region has 
a thickness in the range of from 120 to 200 nm and a refractive 
index changing at a rate in the range of from 0.9 to 1.8x10 
nm. In the present embodiment, the third layer 6 is consti 
tuted by three regions. Thus, an anti-reflection film can be 
realized by a smaller number of regions while taking an 
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advantage of wavelength band characteristics and incident 
angle characteristics to be described below and taking the 
number of manufacturing processes during region-forming 
into consideration. It should be noted that all of the films 
constituting the anti-reflection film 3 may preferably be 
formed using a wet process Such as a spin coating method or 
the like instead of a dry process such as a vacuum deposition 
method, a sputtering method, or the like. 
0035) Next, a description will be given of the numerical 
values, materials, methods for forming the optical element 1, 
and the effect thereof as a specific example of the optical 
element 1 of the present embodiment. FIGS. 3A and 3B are 
graphs illustrating the structure and characteristics of the 
optical element 1 according to a first embodiment. In particu 
lar, FIG. 3A is a graph specifically illustrating the refractive 
index structure of the optical element 1 corresponding to FIG. 
2. FIG.3A shows a change in the refractive index indicated on 
the vertical axis to a thickness (thickness: nm) from the Sub 
strate 2 indicated on the horizontal axis. In the graph, a region 
having a negative thickness indicates the portion of the Sub 
strate 2. In the present embodiment, firstly, a glass material 
having a refractive index of 1.808 (S-LAH 65 manufactured 
by OHARA INC.) is employed as the substrate 2. Among the 
layers constituting the anti-reflection film3, the first layer 4 is 
a film having a thickness of 35 nm and a refractive index of 
1.620 and the second layer 5 is a film having a thickness of 38 
nm and a refractive index of 1.520. Furthermore, the third 
layer 6 has a concave-convex structure having a thickness of 
240 nm and a refractive index continuously changing from 
1.52 to 1.0. The third layer 6 has three regions from the first 
region to the third region as described above. In this case, the 
first region has a thickness of 20 nm and a refractive index 
continuously changing at a rate of 8.5x10 nm, the second 
region has a thickness of 58 nm and a refractive index con 
tinuously changing at a rate of 2.93x10 nm, and the third 
region has a thickness of 162 nm and a refractive index 
continuously changing at a rate of 1.11x10 nm'. 
0036 FIG. 3B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case. FIG. 3B 
shows a change in the reflectance (%), indicated on the ver 
tical axis, to the wavelength (nm) of incident light on the 
optical element1, indicated on the horizontal axis, at different 
incident angles. As shown in FIG. 3B, the reflectance is low 
across the entire visible wavelength region (wavelength: 400 
to 700 nm), and thus, it can be seen that the optical element 1 
exhibits high anti-reflection performance with the aid of the 
anti-reflection film 3. In particular, at an incident angle in the 
range of from 0 degrees to 45 degrees, the optical element 1 
exhibits a reflectance of 0.5% or less across the entire visible 
wavelength region. In addition, even at a very large incident 
angle of 60 degrees, the optical element 1 still exhibits excel 
lent anti-reflection performance such as reflectance of 1.8% 
or less. 

0037. Each of the first layer 4 to the third layer 6 may be 
formed with a material and a forming method as follows. 
Firstly, the material of the first layer 4 and the method for 
forming the same are not particularly limited as long as the 
aforementioned thickness and refractive index can be realized 
by a wet process as described above. As an example, the first 
layer 4 can be formed by applying a solution containing 
polyimide onto the Substrate 2 using a spin coating method. In 
this case, the value of the refractive index 1.620 of the first 
layer 4 can be realized by appropriately adjusting the mixing 
ratio of a plurality of components having a different refractive 
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index in polyimide, i.e., an aliphatic chain structure, an ali 
cyclic structure, an aromatic ring structure, or the like con 
tained in a polyimide solution. As a material other than poly 
imide, a melamine resin, a Sulfur-containing resin, an iodine 
containing resin, a bromine-containing resin, and the like 
which can realize a high refractive index of 1.65 or greater 
may also be used. In addition, an organic resin material in 
which TiO, having a high refractive index is mixed with 
inorganic fine particles having a particle diameter of 200 nm 
or less may also be used to realize a high refractive index 
exceeding 1.8. Of course, a resin material having a refractive 
indeX exceeding 1.8 may also be used alone. 
0038 Also, setting a desired thickness of the first layer 4 
can be realized by taking into consideration the concentration 
of a polyimide Solution, coating conditions (the number of 
spin rotations and rotation time), and the like. Next, as in the 
first layer 4, the material of the second layer 5 and the method 
for forming the same are also not particularly limited as long 
as the aforementioned thickness and refractive index can be 
realized by a wet process. For example, for forming the sec 
ond layer 5, a solution whose principal component is silica 
(SiO2) or a solution containing aluminum oxide (Al2O) may 
be used. In contrast, the third layer 6 having a concave-convex 
structure can be formed as follows. For example, a solution 
containing aluminum oxide is applied onto the second layer 5 
using a spin coating method and then dried to thereby form a 
film. Then, the formed film is immersed into warm water to 
thereby cause a plate-like crystal to be precipitated on the 
surface thereof. In this case, the refractive index structure 
including three regions can be set by appropriately adjusting 
the content of aluminum oxide in Solution and the kinds and 
amounts of stabilizers, catalysts, and the like, and the thick 
ness thereof can be set by appropriately changing application 
conditions (coating conditions). In this manner, the layers 
constituting the anti-reflection film 3 are formed by a spin 
coating method of a wet process. Thus, a uniform film thick 
ness can be realized even when a Surface on which a film is 
formed is a lens having a large curvature Surface (in particu 
lar, a concave surface). Here, for example, it is also contem 
plated that the thickness of the central part and the thickness 
of the peripheral part of a member to be film-deposited may 
be made uniform by employing a dry process Such as a 
vacuum deposition method and employing a method in which 
a shielding having an appropriate opening is provided 
between a deposition Source and a member to be film-depos 
ited, and a deposition material is deposited through the shield 
ing onto the member to be film-deposited while rotating it. In 
this case, the deposition material to be deposited onto the 
member to be film-deposited may be adhered to the shielding, 
resulting in a reduction in the film-forming efficiency and a 
reduction in productivity. However, the wet process is also 
advantageous in terms of the productivity of the optical ele 
ment 1. 

0039. In addition, in the optical element 1 of the present 
embodiment, the reflectance characteristics of the anti-reflec 
tion film 3 do not change by a large amount even if fluctua 
tions in thickness thereof may occur. In other words, the 
optical element 1 of the present embodiment has a wide 
tolerance with respect to fluctuations in thickness of the anti 
reflection film 3. Each of FIGS. 4A and 4B is a graph illus 
trating the reflectance characteristics of the anti-reflection 
film 3 corresponding to FIG.3B. In particular, FIG. 4A shows 
the reflectance characteristics of the anti-reflection film 3 in a 
case where the thickness of each of the layers constituting the 
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anti-reflection film 3 is 10% thinner than that shown in FIG. 
3B. Among these layers, the first layer 4 has a thickness of 
31.5 nm, the second layer 5 has a thickness of 34.2 nm, and the 
third layer 6 has a thickness of 214 nm. As shown in FIG. 4A, 
although the reflectance has a slightly high value in a long 
wavelength range (up to 700 nm), the reflectance is generally 
suppressed to a low level. Therefore, it can also be seen that 
the optical element 1 exhibits sufficient anti-reflection perfor 
mance with the aid of the anti-reflection film 3. 
0040. On the other hand, FIG. 4B shows the reflectance 
characteristics of the anti-reflection film 3 in a case where the 
thickness of each of the layers constituting the anti-reflection 
film 3 is 10% thicker than that shown in FIG. 3B. Among 
these layers, the first layer 4 has a thickness of 38.5 nm, the 
second layer 5 has a thickness of 41.8 nm, and the third layer 
6 has a thickness of 261.8 nm. As shown in FIG. 4B, although 
the reflectance has a slightly high value in a shortwavelength 
range (400 nm or greater), the reflectance is generally Sup 
pressed to a low level. Furthermore, the anti-reflection per 
formance of the anti-reflection film 3 at the incident angle of 
60 degrees is more improved than that shown in FIG. 3B. 
Therefore, it can also be seen that the optical element 1 
exhibits sufficient anti-reflection performance with the aid of 
the anti-reflection film 3. 
0041 As described above, according to the present 
embodiment, the optical element 1 having the anti-reflection 
film 3 that is advantageous not only for productivity but also 
for wavelength band characteristics and incident angle char 
acteristics may be provided. In particular, the optical element 
1 can have excellent anti-reflection performance in a wide 
wavelength band over the entire visible wavelength region 
and in a large incident angle range over the incident angles in 
the range of from 0 to 60 degrees or greater. 

Second Embodiment 

0042. Next, a description will be given of an optical ele 
ment according to a second embodiment of the present inven 
tion. The optical element of the present embodiment is the 
same as the optical element 1 of the first embodiment, except 
that the material of the substrate 2 and the thickness and the 
refractive index of each layer constituting the anti-reflection 
film 3 have been changed. FIGS. 5A and 5B are graphs 
illustrating the structure and characteristics of the optical 
element according to the present embodiment. In particular, 
FIG. 5A is a graph specifically illustrating the refractive index 
structure of the optical element corresponding to FIG. 2. For 
ease of explanation, the components of the optical element of 
the present embodiment are designated by the same reference 
numerals as those of the optical element 1 of the first embodi 
ment. In the present embodiment, a glass material having a 
refractive index of 1.888 (S-LAH 58 manufactured by 
OHARA INC.) is employed as the substrate 2. Among the 
layers constituting the anti-reflection film3, the first layer 4 is 
a film having a thickness of 50 nm and a refractive index of 
1.695 and the second layer 5 is a film having a thickness of 20 
nm and a refractive index of 1.580. Furthermore, the third 
layer 6 has a concave-convex structure having a thickness of 
232 nm and a refractive index continuously changing from 
1.58 to 1.0. The third layer 6 has three regions from the first 
region to the third region as described above. In this case, the 
first region has a thickness of 35 nm and a refractive index 
continuously changing at a rate of 6.57x10 nm, the sec 
ond region has a thickness of 72 nm and a refractive index 
continuously changing at a rate of 1.94x10 nm, and the 
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third region has a thickness of 125 nm and a refractive index 
continuously changing at a rate of 1.68x10 nm'. 
0043 FIG. 5B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case, and corre 
sponds to FIG. 3B. As shown in FIG. 5B, the reflectance is 
low across the entire visible wavelength region, and thus, it 
can be seen that the optical element 1 of the present embodi 
ment also exhibits high anti-reflection performance with the 
aid of the anti-reflection film 3. In particular, at an incident 
angle in the range of from 0 degrees to 45 degrees, the optical 
element 1 exhibits a reflectance of 0.7% or less across the 
entire visible wavelength region. In addition, even at a very 
large incident angle of 60 degrees, the optical element 1 still 
exhibits excellent anti-reflection performance such as reflec 
tance of 1.8% or less. Also in the present embodiment, the 
same forming method and various adjustments as those of the 
first embodiment are applied. 

Third Embodiment 

0044) Next, a description will be given of an optical ele 
ment according to a third embodiment of the present inven 
tion. The optical element of the present embodiment is also 
the same as the optical element 1 of the first embodiment, 
except that the material of the substrate 2 and the thickness 
and the refractive index of each layer constituting the anti 
reflection film 3 have been changed. FIGS. 6A and 6B are 
graphs illustrating the structure and characteristics of the 
optical element according to the present embodiment. In par 
ticular, FIG. 6A is a graph specifically illustrating the refrac 
tive index structure of the optical element corresponding to 
FIG. 2. Also, the components of the optical element of the 
present embodiment are designated by the same reference 
numerals as those of the optical element 1 of the first embodi 
ment. In the present embodiment, a glass material having a 
refractive index of 1.934 (S-NPH 2 manufactured by 
OHARA INC.) is employed as the substrate 2. Among the 
layers constituting the anti-reflection film3, the first layer 4 is 
a film having a thickness of 30 nm and a refractive index of 
1.70 and the second layer 5 is a film having a thickness of 45 
nm and a refractive index of 1.55. Furthermore, the third layer 
6 has a concave-convex structure having a thickness of 235 
nm and a refractive index continuously changing from 1.55 to 
1.0. The third layer 6 has three regions from the first region to 
the third region as described above. In this case, the first 
region has a thickness of 17 nm and a refractive index con 
tinuously changing at a rate of 11.76x10 nm, the second 
region has a thickness of 48 nm and a refractive index con 
tinuously changing at a rate of 2.92x10 nm, and the third 
region has a thickness of 170 nm and a refractive index 
continuously changing at a rate of 1.24x10 nm'. 
0045 FIG. 6B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case, and corre 
sponds to FIG. 3B. As shown in FIG. 6B, the reflectance is 
low across the entire visible wavelength region, and thus, it 
can be seen that the optical element 1 of the present embodi 
ment also exhibits high anti-reflection performance with the 
aid of the anti-reflection film 3. In particular, at an incident 
angle in the range of from 0 degrees to 45 degrees, the optical 
element 1 exhibits a reflectance of 0.5% or less across the 
entire visible wavelength region. In addition, even at a very 
large incident angle of 60 degrees, the optical element 1 still 
exhibits excellent anti-reflection performance such as reflec 
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tance of 1.5% or less. Also in the present embodiment, the 
same forming method and various adjustments as those of the 
first embodiment are applied. 

Fourth Embodiment 

0046) Next, a description will be given of an optical ele 
ment according to a fourth embodiment of the present inven 
tion. The optical element of the present embodiment is also 
the same as the optical element 1 of the first embodiment, 
except that the material of the substrate 2 and the thickness 
and the refractive index of each layer constituting the anti 
reflection film 3 have been changed. FIGS. 7A and 7B are 
graphs illustrating the structure and characteristics of the 
optical element according to the present embodiment. In par 
ticular, FIG. 7A is a graph specifically illustrating the refrac 
tive index structure of the optical element corresponding to 
FIG. 2. Also, the components of the optical element of the 
present embodiment are designated by the same reference 
numerals as those of the optical element 1 of the first embodi 
ment. In the present embodiment, a glass material having a 
refractive index of 1.716 (S-LAL8 manufactured by OHARA 
INC.) is employed as the Substrate 2. Among the layers con 
stituting the anti-reflection film 3, the first layer 4 is a film 
having a thickness of 50 nm and a refractive index of 1.56 and 
the second layer 5 is a film having a thickness of 18 nm and a 
refractive index of 1.51. Furthermore, the third layer 6 has a 
concave-convex structure having a thickness of 230 nm and a 
refractive index continuously changing from 1.51 to 1.0. The 
third layer 6 has three regions from the first region to the third 
region as described above. In this case, the first region has a 
thickness of 42 nm and a refractive index continuously chang 
ing at a rate of 4.52x10 nm, the second region has a 
thickness of 28 nm and a refractive index continuously chang 
ing at a rate of 4.29x10 nm, and the third region has a 
thickness of 160 nm and a refractive index continuously 
changing at a rate of 1.25x10 nm'. 
0047 FIG. 7B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case, and corre 
sponds to FIG. 3B. As shown in FIG. 7B, the reflectance is 
low across the entire visible wavelength region, and thus, it 
can be seen that the optical element 1 of the present embodi 
ment also exhibits high anti-reflection performance with the 
aid of the anti-reflection film 3. In particular, at an incident 
angle in the range of from 0 degrees to 45 degrees, the optical 
element 1 exhibits a reflectance of 0.5% or less across the 
entire visible wavelength region. In addition, even at a very 
large incident angle of 60 degrees, the optical element 1 still 
exhibits excellent anti-reflection performance such as reflec 
tance of 2.5% or less. Also in the present embodiment, the 
same forming method and various adjustments as those of the 
first embodiment are applied. 

Fifth Embodiment 

0048 Next, a description will be given of an optical ele 
ment according to a fifth embodiment of the present inven 
tion. The optical element of the present embodiment is also 
the same as the optical element 1 of the first embodiment, 
except that the material of the substrate 2 and the thickness 
and the refractive index of each layer constituting the anti 
reflection film 3 have been changed. FIGS. 8A and 8B are 
graphs illustrating the structure and characteristics of the 
optical element according to the present embodiment. In par 
ticular, FIG. 8A is a graph specifically illustrating the refrac 
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tive index structure of the optical element corresponding to 
FIG. 2. Also, the components of the optical element of the 
present embodiment are designated by the same reference 
numerals as those of the optical element 1 of the first embodi 
ment. In the present embodiment, a glass material having a 
refractive index of 1.658 (S-NBH 5 manufactured by 
OHARA INC.) is employed as the substrate 2. Among the 
layers constituting the anti-reflection film3, the first layer 4 is 
a film having a thickness of 62 nm and a refractive index of 
1.52 and the second layer 5 is a film having a thickness of 10 
nm and a refractive index of 1.46. Furthermore, the third layer 
6 has a concave-convex structure having a thickness of 240 
nm and a refractive index continuously changing from 1.46 to 
1.0. The third layer 6 has three regions from the first region to 
the third region as described above. In this case, the first 
region has a thickness of 18 nm and a refractive index con 
tinuously changing at a rate of 7.78x10 nm, the second 
region has a thickness of 60 nm and a refractive index con 
tinuously changing at a rate of 2.33x10 nm, and the third 
region has a thickness of 162 nm and a refractive index 
continuously changing at a rate of 1.11x10 nm'. 
0049 FIG. 8B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case correspond 
ing to FIG. 3B. As shown in FIG. 8B, the reflectance is low 
across the entire visible wavelength region, and thus, it can be 
seen that the optical element 1 of the present embodiment also 
exhibits high anti-reflection performance with the aid of the 
anti-reflection film 3. In particular, at an incident angle in the 
range of from 0 degrees to 45 degrees, the optical element 1 
exhibits a reflectance of 0.4% or less across the entire visible 
wavelength region. In addition, even at a very large incident 
angle of 60 degrees, the optical element 1 still exhibits excel 
lent anti-reflection performance such as reflectance of 2.0% 
or less. Also in the present embodiment, the same forming 
method and various adjustments as those of the first embodi 
ment are applied. 

Sixth Embodiment 

0050. Next, a description will be given of an optical ele 
ment according to a sixth embodiment of the present inven 
tion. The optical element of the present embodiment is also 
the same as the optical element 1 of the first embodiment, 
except that the material of the substrate 2 and the thickness 
and the refractive index of each layer constituting the anti 
reflection film 3 have been changed. FIGS. 9A and 9B are 
graphs illustrating the structure and characteristics of the 
optical element according to the present embodiment. In par 
ticular, FIG. 9A is a graph specifically illustrating the refrac 
tive index structure of the optical element corresponding to 
FIG. 2. Also, the components of the optical element of the 
present embodiment are designated by the same reference 
numerals as those of the optical element 1 of the first embodi 
ment. In the present embodiment, a glass material having a 
refractive index of 2.011 (S-LAH 79 manufactured by 
OHARA INC.) is employed as the substrate 2. Among the 
layers constituting the anti-reflection film3, the first layer 4 is 
a film having a thickness of 55 nm and a refractive index of 
1.75 and the second layer 5 is a film having a thickness of 18 
nm and a refractive index of 1.54. Furthermore, the third layer 
6 has a concave-convex structure having a thickness of 256 
nm and a refractive index continuously changing from 1.54 to 
1.0. The third layer 6 has three regions from the first region to 
the third region as described above. In this case, the first 
region has a thickness of 36 nm and a refractive index con 
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tinuously changing at a rate of 5.28x10 nm, the second 
region has a thickness of 60 nm and a refractive index con 
tinuously changing at a rate of 2.83x10 nm, and the third 
region has a thickness of 160 nm and a refractive index 
continuously changing at a rate of 1.13x10 nm'. 
0051 FIG.9B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case correspond 
ing to FIG. 3B. As shown in FIG.9B, the reflectance is low 
across the entire visible wavelength region, and thus, it can be 
seen that the optical element 1 of the present embodiment also 
exhibits high anti-reflection performance with the aid of the 
anti-reflection film 3. In particular, at an incident angle in the 
range of from 0 degrees to 45 degrees, the optical element 1 
exhibits a reflectance of 0.6% or less across the entire visible 
wavelength region. In addition, even at a very large incident 
angle of 60 degrees, the optical element 1 still exhibits excel 
lent anti-reflection performance such as reflectance of 1.5% 
or less. Also in the present embodiment, the same forming 
method and various adjustments as those of the first embodi 
ment are applied. 

Seventh Embodiment 

0052 Next, a description will be given of an optical ele 
ment according to a seventh embodiment of the present inven 
tion. The optical element of the present embodiment is also 
the same as the optical element 1 of the first embodiment, 
except that the material of the substrate 2 and the thickness 
and the refractive index of each layer constituting the anti 
reflection film 3 have been changed. FIGS. 10A and 10B are 
graphs illustrating the structure and characteristics of the 
optical element according to the present embodiment. In par 
ticular, FIG. 10A is a graph specifically illustrating the refrac 
tive index structure of the optical element corresponding to 
FIG. 2. Also, the components of the optical element of the 
present embodiment are designated by the same reference 
numerals as those of the optical element 1 of the first embodi 
ment. In the present embodiment, a glass material having a 
refractive index of 2.170 (K-PSFn 215 manufactured by 
OHARA INC.) is employed as the substrate 2. Among the 
layers constituting the anti-reflection film3, the first layer 4 is 
a film having a thickness of 50 nm and a refractive index of 
1.81 and the second layer 5 is a film having a thickness of 16 
nm and a refractive index of 1.56. Furthermore, the third layer 
6 has a concave-convex structure having a thickness of 240 
nm and a refractive index continuously changing from 1.56 to 
1.0. The third layer 6 has three regions from the first region to 
the third region as described above. In this case, the first 
region has a thickness of 40 nm and a refractive index con 
tinuously changing at a rate of 4.5x10 nm, the second 
region has a thickness of 55 nm and a refractive index con 
tinuously changing at a rate of 3.64x10 nm, and the third 
region has a thickness of 145 nm and a refractive index 
continuously changing at a rate of 1.24x10 nm'. 
0053 FIG. 10B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case correspond 
ing to FIG. 3B. As shown in FIG. 10B, the reflectance is low 
across the entire visible wavelength region, and thus, it can be 
seen that the optical element 1 of the present embodiment also 
exhibits high anti-reflection performance with the aid of the 
anti-reflection film 3. In particular, at an incident angle in the 
range of from 0 degrees to 45 degrees, the optical element 1 
exhibits a reflectance of 0.5% or less across the entire visible 
wavelength region. In addition, even at a very large incident 
angle of 60 degrees, the optical element 1 still exhibits excel 
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lent anti-reflection performance such as reflectance of 1.8% 
or less. Also in the present embodiment, the same forming 
method and various adjustments as those of the first embodi 
ment are applied. 

First Comparative Example 

0054 Next, a description will be given as a reference for 
an optical element of a first comparative example with respect 
to the optical element 1 of the aforementioned embodiments. 
In the first comparative example, in particular, the optical 
element is compared with the optical element having an anti 
reflection film disclosed in Japanese Patent No. 4433390 
corresponding to the prior art. Firstly, FIG. 11A to FIG. 12B 
are graphs illustrating the reflectance characteristics of the 
optical element of the first comparative example having an 
anti-reflection film, which have been calculated based on the 
configuration disclosed in Japanese Patent No. 4433390. 
These drawings correspond to a graph illustrating the reflec 
tance characteristics of the optical element 1 according to the 
embodiments, such as the graph shown in FIG. 3B or the like. 
In particular, FIG. 11A is a graph illustrating the results that 
are Substantially the same as those disclosed in Japanese 
Patent No. 4433390, although there is a slight amount of error 
caused by the lack of taking the refractive index distribution 
of the substrate and of each layer constituting the anti-reflec 
tion film into consideration. Next, FIG. 11B is a graph illus 
trating the reflectance characteristics of the optical element in 
a case where the thickness of each of the layers constituting 
the anti-reflection film is 10% thinner than that disclosed in 
Japanese Patent No. 4433390. In this case, the optical thick 
ness (optical film thickness) of the first layer is 0.243W, the 
optical thickness of the second layer is 0.063, the optical 
thickness of the third layer is 0.27W, and the optical thickness 
of the fourth layer is 0.234v. Next, FIG. 12A is a graph 
illustrating the reflectance characteristics of the optical ele 
ment in a case where the thickness of each of the layers 
constituting the anti-reflection film is 10% thicker than that 
disclosed in Japanese Patent No. 4433390. In this case, the 
optical thickness of the first layer is 0.297), the optical thick 
ness of the second layer is 0.077), the optical thickness of the 
third layer is 0.33, and the optical thickness of the fourth 
layer is 0.286). As is evident from these results, it can be seen 
that the optical element 1 of the embodiments exhibits excel 
lent anti-reflection performance because the optical element 1 
of the embodiments has less fluctuation in the reflectance 
characteristics when the thickness of each layer constituting 
an anti-reflection film changes +10%. 
0055. On the other hand, the anti-reflection film disclosed 
in Japanese Patent No. 4433390 is formed by a vacuum depo 
sition method. Thus, if such an anti-reflection film is formed 
on the optical Surface of a lens having a large curvature, the 
thickness of a vapor-deposited layer constituted by a first 
layer to a third layer at a position corresponding to an opening 
angle of 45 degrees is 71% of total thickness. In consideration 
of this case, FIG. 12B is a graph illustrating the reflectance 
characteristics of the optical element having the configuration 
disclosed in Japanese Patent No. 4433390 when the thickness 
of the vapor-deposited layer of an anti-reflection film is 71% 
of the total thickness including a fourth layer. As shown in 
FIG. 12B, it can be seen that the anti-reflection performance 
is significantly impaired at the peripheral part of a lens when 
a Substrate is a lens having a large curvature. 
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Second Comparative Example 

0056. Also, a description will be given as a reference for an 
optical element of a second comparative example with 
respect to the optical element 1 of the aforementioned 
embodiments. In the second comparative example, a com 
parison is specifically made between the optical element 1 of 
the embodiments and an optical element having a configura 
tion deviating from the various numerical limitations in the 
embodiments. FIGS. 13A and 13B are graphs illustrating the 
structure and characteristics of an optical element according 
to a second comparative example. In particular, FIG. 13A is a 
graph specifically illustrating the refractive index structure of 
the optical element 1 corresponding to FIG. 2. Also, the 
components of the optical element of the present embodiment 
are designated by the same reference numerals as those of the 
optical element 1 of the first embodiment. As in the first 
embodiment, in the present comparative example, a glass 
material having a refractive index of 1.808 (S-LAH 65 manu 
factured by OHARA INC.) is employed as the substrate 2. 
Among the layers constituting the anti-reflection film 3, the 
first layer 4 is a film having a thickness of 28 nm and a 
refractive index of 1.620 and the second layer 5 is a film 
having a thickness of 30 nm and a refractive index of 1.52. 
Furthermore, the third layer 6 has a concave-convex structure 
having a thickness of 190 nm and a refractive index continu 
ously changing from 1.52 to 1.0. As in the first embodiment, 
the third layer 6 also has three regions from the first region to 
the third region. In this case, the first region has a thickness of 
12 nm and a refractive index continuously changing at a rate 
of 14.17x10 nm, the second region has a thickness of 30 
nm and a refractive index continuously changing at a rate of 
5.67x10 nm, and the third region has a thickness of 148 
nm and a refractive index continuously changing at a rate of 
1.22x10 nm'. 
0057 FIG. 13B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case correspond 
ing to FIG. 3B. As shown in FIG. 13B, the reflectance 
becomes 0.7% or greater at a wavelength of 700 nm when the 
incident angle is 0 degrees. Furthermore, the reflectance char 
acteristics are deteriorated with an increase in the incident 
angle. In particular, when the incident angle is 60 degrees, the 
reflectance reaches closer to 5% at a wavelength of 700 nm. In 
this manner, it is difficult for an optical element having a 
configuration deviating from the various numerical limita 
tions in the embodiments to have excellent anti-reflection 
performance. In particular, if the thickness of the third layer 6 
is thinner than 200 nm, the reflectance characteristics are 
remarkably deteriorated at a long wavelength range or at a 
large incident angle, and thus, an optical element having 
excellent wavelength band characteristics and excellent inci 
dent angle characteristics is difficult to be realized. 

Third Comparative Example 

0058. Furthermore, as a reference, a description will be 
given as a reference for an optical element of a second com 
parative example with respect to the optical element 1 of the 
aforementioned embodiments. As in the second comparative 
example, in the third comparative example, a comparison is 
also made between the optical element 1 of the embodiments 
and an optical element having a configuration deviating from 
the various numerical limitations in the embodiments. FIGS. 
14A and 14B are graphs illustrating the structure and charac 
teristics of an optical element according to a third compara 
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tive example. In particular, FIG. 14A is a graph specifically 
illustrating the refractive index structure of the optical ele 
ment 1 corresponding to FIG. 2. Also, the components of the 
optical element of the present embodiment are designated by 
the same reference numerals as those of the optical element 1 
of the first embodiment. As in the first embodiment (second 
comparative example), in the present comparative example, a 
glass material having a refractive index of 1.808 (S-LAH 65 
manufactured by OHARAINC.) is employed as the substrate 
2. Among the layers constituting the anti-reflection film3, the 
first layer 4 is a film having a thickness of 35 nm and a 
refractive index of 1.620 and the second layer 5 is a film 
having a thickness of 48 nm and a refractive index of 1.52. 
Furthermore, the third layer 6 has a concave-convex structure 
having a thickness of 320 nm and a refractive index continu 
ously changing from 1.52 to 1.0. As in the first embodiment, 
the third layer 6 also has three regions from the first region to 
the third region. In this case, the first region has a thickness of 
45 nm and a refractive index continuously changing at a rate 
of 3.78x10 nm, the second region has a thickness of 75 
nm and a refractive index continuously changing at a rate of 
2.27x10 nm, and the third region has a thickness of 148 
nm and a refractive index continuously changing at a rate of 
0.90x10 nm. 
0059 FIG. 14B is a graph illustrating the reflectance char 
acteristics of the anti-reflection film 3 in this case correspond 
ing to FIG. 3B. As shown in FIG. 14B, in particular, the 
reflectance of the anti-reflection film 3 at the incident angle of 
60 degrees is 1.0% or less across the entire visible wavelength 
region, and thus, the optical element exhibits excellent anti 
reflection performance. However, the reflectance character 
istics are deteriorated across a short wavelength range when 
the incident angle is in the range of from 0 degrees to 45 
degrees. In particular, when the incident angle is 0 degrees, 
the reflectance reaches closer to 1.0% at a wavelength of 400 
nm. In other words, it is difficult even for such an optical 
element to exhibit excellent anti-reflection performance. In 
particular, if the thickness of the third layer 6 is greater than 
300 nm, the reflectance characteristics are remarkably dete 
riorated at a short wavelength range. Furthermore, if the 
thickness of the third layer 6 is greater than 300 nm, it is 
highly likely that, after being formed by a wet process, a crack 
will be produced in the third layer 6 upon drying. 
0060. As described above, various numerical values 
obtained for each of the refractive index structures according 
to the first to fifth embodiments and the second and third 
comparative examples are Summarized in the table shown in 
FIG. 15. 

(Optical System and Optical Apparatus) 
0061 Next, a description will be given of an optical sys 
tem and an optical apparatus according to one embodiment of 
the present invention. The optical system of the present 
embodiment includes, for example, an imaging optical sys 
tem which is constructed inside a lens section or a lens barrel 
provided in the optical apparatus such as a digital camera, a 
video camera, or the like, and the optical element 1 described 
in the embodiments may be employed as part of the imaging 
optical system. FIG. 16 is a cross-sectional view illustrating 
the configuration of the essential parts of an optical system 
100 according to one embodiment of the present invention. 
The optical system 100 is a wide field angle lens for a camera 
having a focal length of 14 mm (f=14.3), where a field angle 
() is 56.5° and F No. is 2.89. Also, Table 1 shows lens design 
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values for the optical system 100. In Table 1, a unique surface 
number No. is assigned to each of optical Surfaces ranging 
from a Subject image through which a subject image enters, 
which is located on the leftmost side of the optical system 
100, to an imaging Surface (imaging element or a film 101). 
For each surface number No., a radius of curvature “r” (mm), 
a thickness “d' (mm) between lens surfaces, and a refractive 
index “n” and Abbe number “v'at the wavelength of 550 nm 
are shown. In the optical system 100, the optical element 1 
according to the embodiments is arranged as an optical ele 
ment located on the input side of a subject image, and the 
anti-reflection film 3 is formed on the image side (No. 2) of 
the optical element 1. In this manner, the anti-reflection film 
3 as described in the embodiments is formed on the surface 
numbered as No. 2, and thus, the surface numbered as No. 2 
can have high anti-reflection performance from the central 
part to the peripheral part thereof despite the fact that the 
Surface numbered as No. 2 has a large curvature (opening 
angle). Therefore, the optical system 100 of the present 
embodiment can provide high quality and high definition 
images while Suppressing the occurrence of unnecessary light 
such as flare or ghost. Note that the optical system 100 
described in the present embodiment is merely an example. 
For example, the optical element 1 of the embodiments may 
also be employed as an observation optical system such as a 
telescopic lens having a long focal length, a binocular, or the 
like. Furthermore, the optical apparatus can provide high 
quality and high definition still images or moving images by 
employing Such an optical system 100 while Suppressing the 
occurrence of unnecessary light such as flare or ghost. 

TABLE 1. 

No. r (mm) d (mm) l w 

1 43.611 3.10 6968O 55.5 
2 26.108 11.30 
3 58.696 5.83 60311 60.7 
4 52.318 O.15 
5 36.653 70 6968O 55.5 
6 17.777 6.39 
7 48.633 30 772.50 49.6 
8 20.569 8.24 
9 26O.O12 SO 6968O 55.5 
10 15.58O 10.11 59551 39.2 
11 -50.458 3.24 
12 54.936 8.21 56732 42.8 
13 -10586 SO 772.50 49.6 
14 -14355 O.82 
15 -14991 O.90 772.50 49.6 
16 -42.782 O.SO 
17 (Aperture) 40 
18 84.663 8.63 60311 60.7 
19 -69.334 4.OO 74320 49.3 
2O 78.755 0.67 
21 -180.599 O.80 92.286 21.3 
22 32.151 5.88 48749 70.2 
23 -18.364 O.15 
24 352.989 3.30 804OO 46.6 
25 -38.634 

0062 Having described preferred embodiments of the 
present invention, it is to be appreciated that the present 
invention is not limited to these embodiments described 
above but may be embodied with various changes and modi 
fications without departing from the scope of the invention. 
0063. While the present invention has been described with 
reference to exemplary embodiments, it is to be understood 
that the invention is not limited to the disclosed exemplary 
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embodiments. The scope of the following claims is to be 
accorded the broadest interpretation so as to encompass all 
Such modifications and equivalent structures and functions. 
0064. This application claims the benefit of Japanese 
Patent Application No. 2011-163287 filed on Jul. 26, 2011, 
and Japanese Patent Application No. 2012-122939 filed on 
May 30, 2012, which are hereby incorporated by reference 
herein in their entirety. 

1-9. (canceled) 
10. An optical element having an anti-reflection film 

formed on a Substrate, 
wherein the anti-reflection film comprises a concave-con 

VeX layer consisting of a concave-convex structure of 
which a space filling factor is changed in a thickness 
direction, and 

wherein the concave-convex layer comprises, in order 
from the substrate side: 

a first region that has a thickness in the range of from 15 
to 45 nm and a refractive index changing at a rate in 
the range of from 4.4 to 12x10 nm': 

a second region that has a thickness in the range of from 
25 to 75 nm and a refractive index changing at a rate 
in the range of from 1.9 to 4.3x10 nm'; and 

a third region that has a thickness in the range of from 
120 to 200 nm and a refractive index changing at a rate 
in the range of from 0.9 to 1.8x10 nm'. 

11. The optical element according to claim 10, wherein the 
concave-convex layer has a thickness in the range of from 200 
nm to 300 nm. 

12. The optical element according to claim 10, wherein a 
refractive index for the concave-convex layer of which a 
wavelength is 550 nm is changed from 1.40 to 1.58 toward 
1.O. 

13. The optical element according to claim 10, wherein a 
refractive index for the concave-convex layer of which a 
wavelength is 550 nm is changed from 1.65 to 2.20. 

14. The optical element according to claim 10, wherein the 
anti-reflection film further comprises a first layer formed 
between the Substrate and the concave-convex layer, and 

wherein the first layer has a thickness in the range of from 
30 to 70 nm. 

15. The optical element according to claim 14, wherein the 
anti-reflection film further comprises a second layer formed 
between the Substrate and the concave-convex layer, and 

wherein the second layer has a thickness in the range of 
from 10 to 50 nm. 

16. The optical element according to claim 10, wherein the 
anti-reflection film further comprises a first layer formed 
between the Substrate and the concave-convex layer, and 

wherein a refractive index for the first layer of which a 
wavelength is 550 nm is changed from 1.52 to 1.82. 

17. The optical element according to claim 16, wherein the 
anti-reflection film further comprises a second layer formed 
between the Substrate and the concave-convex layer, and 

wherein a refractive index for the second layer of which a 
wavelength is 550 nm is changed from 1.40 to 1.58. 

18. The optical element according to claim 10, wherein the 
first layer is an organic resin layer. 

19. The optical element according to claim 10, wherein the 
second layer is a porous layer whose principal component is 
aluminum oxide. 
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20. The optical element according to claim 10, wherein the 
third layer is formed of a plate-like crystal whose principal 
component is aluminum oxide. 

21. An optical system having at least two or more optical 
elements, wherein at least one of the optical elements has an 
anti-reflection film formed on a substrate, wherein the anti 
reflection film comprises a concave-convex layer consisting 
of a concave-convex structure of which a space filling factor 
is changed in a thickness direction, and wherein the concave 
convex layer comprises, in order from the Substrate side: 

a first region that has a thickness in the range of from 15 to 
45 nm and a refractive index changing at a rate in the 
range of from 4.4 to 12x10 nm': 

a second region that has a thickness in the range of from 25 
to 75 nm and a refractive index changing at a rate in the 
range of from 1.9 to 4.3x10 nmi; and 

a third region that has a thickness in the range of from 120 
to 200 nm and a refractive index changing at a rate in the 
range of from 0.9 to 1.8x10 nm'. 

22. An optical apparatus having an optical system, wherein 
the optical system comprises: 
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a lens barrel; and 
at least two or more optical elements, wherein at least one 

of the optical elements has an anti-reflection film formed 
on a substrate, wherein the anti-reflection film com 
prises a concave-convex layer consisting of a concave 
convex structure of which a space filling factor is 
changed in a thickness direction, and wherein the con 
cave-convex layer comprises, in order from the Substrate 
side: 

a first region that has a thickness in the range of from 15 to 
45 nm and a refractive index changing at a rate in the 
range of from 4.4 to 12x10 nm': 

a second region that has a thickness in the range of from 25 
to 75 nm and a refractive index changing at a rate in the 
range of from 1.9 to 4.3x10 nm'; and 

a third region that has a thickness in the range of from 120 
to 200 nm and a refractive index changing at a rate in the 
range of from 0.9 to 1.8x10 nm'. 
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