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(57) ABSTRACT 

A diffractive optical element includes at least a ?rst diffrac 
tive element and a second diffractive element. The condi 
tional expression 0.5 §D/DS§0.9 is preferably satis?ed 
Where DS denotes the summation of the optimum designed 
groove height of the ?rst diffractive element dlS and that of 
the second diffractive element d2S, and D denotes the 
summation of an actual groove height of the ?rst diffractive 
element d1 and that of the second diffractive element d2. At 
least one of the ?rst diffractive element and the second 
diffractive element is made of glass. At least one of the ?rst 
diffractive element and the second diffractive element is 
made of resin. The optimum designed value of groove 
heights of the diffractive optical element are determined so 
as to satisfy a condition for correcting chromatic aberration 
at both d-line and g-line. 
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DIFFRACTIVE OPTICAL ELEMENT AND 
METHOD FOR MANUFACTURING SAME 

INCORPORATION BY REFERENCE 

[0001] The disclosures of the following priority applica 
tions are herein incorporated by reference: 

[0002] Japanese Patent Application No. 2002-026309 
?led Feb. 4, 2002, 

[0003] Japanese Patent Application No. 2002-026310 
?led Feb. 4, 2002, and 

[0004] Japanese Patent Application No.2002-065744 
?led Mar. 11, 2002. 

BACKGROUND OF THE INVENTION 

[0005] 1. Field of the Invention 

[0006] The present invention relates to a diffractive optical 
element for producing diffracted light ?uX relative to an 
incident light, and more particularly to a diffractive optical 
element constructed by laminating a plurality of diffractive 
elements. 

[0007] 2. Description of Related Art 

[0008] A diffractive optical element is an optical element 
having lattice structure of slits or grooves spacing at even 
intervals With several hundreds lines per a small distance 
(about 1 mm), and it has characteristic that When a light is 
incident to it, it produces diffracted light ?ux in a direction 
determined by the Wavelength of the light and the separation 
(pitch) of slits or grooves. Diffractive optical elements like 
this are used in various kinds of optical systems, for 
eXample, an optical element used as a lens for converging a 
speci?c order of diffracted light into a point is knoWn. 

[0009] In diffractive optical elements like this, a diffrac 
tive optical element called a plurality of layers type has been 
proposed. The diffractive optical element of this type has 
structure laminating a plurality of diffractive elements hav 
ing a saW-tooth shape surface in a form appressed or 
separated With each other. It has a characteristic having high 
diffractive ef?ciency over almost entire range of a required 
Wide Wavelength range (for example, Whole visible light 
range), in other Words, good spectral characteristic. 

[0010] As shoWn in FIG. 9, structure of a laminated type 
diffractive optical element is generally composed of a ?rst 
diffractive element 310 made of a ?rst material, and a second 
diffractive element 320 made of a second material having 
different refractive indeX and dispersion from those of the 
?rst material. The faces of respective diffractive elements 
facing each other are saW-tooth shape surfaces as shoWn in 
the draWing. Here, in order to satisfy the condition for 
correcting chromatic aberration at predetermined tWo Wave 
lengths, the groove height d1 of the ?rst diffractive element 
310 is set to a predetermined value and that d2 of the second 
diffractive element 320 is set to another predetermined 
value. Accordingly, diffraction ef?ciencies regarding the 
predetermined tWo Wavelengths become 1.0 and consider 
ably high diffractive efficiency can be obtained at the other 
Wavelength. In the transparent type diffractive optical ele 
ment, diffractive ef?ciency is de?ned as a ratio 11A(=A1/AO) 
of amplitude of a ?rst order diffracted light A1 to that of an 
incident light A0. Alternatively, diffractive ef?ciency is 
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de?ned as a ratio nI(=I1/IO) of intensity of a ?rst order 
diffracted light I1 to that of an incident light IO. By the Way, 
the square of light amplitude generally indicates light inten 
sity (for example, A12=I1). In this case, light loss caused by 
absorption or scattering is supposed not to eXist. 

[0011] HoWever, in a conventional diffractive optical ele 
ment, in order to satisfy the condition for correcting chro 
matic aberration at predetermined tWo Wavelengths, the 
groove height d1 of the ?rst diffractive element 310 and that 
d2 of the second diffractive element 320 become consider 
ably larger relative to the case each diffractive element is 
used independently. The groove height of a universally 
Well-knoWn diffractive optical element (a single layer dif 
fractive optical element) is about 1 pm. On the other hand, 
in almost all these multi-layer type diffractive optical ele 
ments, the optimum designed value of the groove height of 
a diffractive optical element, in other Words, the total groove 
height D (=d1+d2) of all elements becomes more than 10 
pm. 

[0012] In the case of the groove height of Whole diffractive 
optical element becomes large, even if an incident light 
slightly tilts from the reference optical aXis, light ?uX 
properly passing through both diffractive optical elements 
310 and 320 decreases. Accordingly, it has been a problem 
that When a rate of decrease in diffractive ef?ciency relative 
to variation in the incident angle of the incident light 
(hereinafter called angular characteristic) is applied, the 
angular characteristic of the multi-layer type diffractive 
optical element decreases largely relative to an ordinary 
diffractive optical element. Moreover, it has become difficult 
to form grooves of the diffractive element in accordance 
With the Width of the pitch thereof. 

[0013] Furthermore, in a conventional multi-layer type 
diffractive optical element shoWn in FIG. 9, since the groove 
height d1 of the ?rst diffractive element 310 differs from that 
d2 of the second diffractive element 320, the diffractive 
elements 310 and 320 have to be made separately With the 
same procedure. Finally, both diffractive elements 310 and 
320 must be precisely positioned, so that it becomes difficult 
to manufacture. 

SUMMARY OF THE INVENTION 

[0014] The present invention is made in vieW of the 
aforementioned problems and has an object to provide a 
diffractive optical element capable of enhancing angular 
characteristic Without severely deteriorating spectral char 
acteristic, improving productivity of the diffractive optical 
element. 

[0015] It is also an object of the present invention to 
provide a method for manufacturing a multi-layer type 
diffractive optical element to be easily manufactured. 

[0016] According to an aspect of the present invention, a 
diffractive optical element includes at least a ?rst diffractive 
element and a second diffractive element. In this diffractive 
optical element, the folloWing conditional eXpression is 
satis?ed: 

[0017] Where DS denotes a summation of the optimum 
designed groove heights of the diffractive optical elements 
and D denotes a summation of actual groove heights of the 
diffractive optical elements. 
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[0018] In one preferred embodiment of the present inven 
tion, at least one of the ?rst diffractive element and the 
second diffractive element is made of glass. 

[0019] In other preferred embodiment of the present 
invention, at least one of the ?rst diffractive element and the 
second diffractive element is made of resin. 

[0020] In one preferred embodiment of the present inven 
tion, the optimum designed groove heights of the diffractive 
optical element are determined so as to satisfy a condition 
for correcting chromatic aberration at both d-line and g-line. 

[0021] According to another aspect of the present inven 
tion, a diffractive optical element includes a ?rst diffractive 
element and a second diffractive element. The ?rst and 
second diffractive elements are made of different materials 
With each other, closely laminated With each other to form 
grooves of a diffraction grating having a predetermined 
shape at the cemented surface of both the ?rst and the second 
diffractive elements. One of these diffractive elements is 
made of material for molding and the other diffractive 
element is made of ultraviolet-curable resin. Further, the 
folloWing conditional expression is satis?ed: 

[0022] 
grating. 

Where h denotes the groove height of the diffraction 

[0023] According to another aspect of the present inven 
tion, a diffractive optical element includes a ?rst diffractive 
element and a second diffractive element. The ?rst and 
second diffractive elements are made of different materials 
With each other, closely laminated With each other to form 
grooves of a diffraction grating having a predetermined 
shape at the cemented surface of both the ?rst and the second 
diffractive elements. One of these diffractive elements is 
made of material for molding and the other diffractive 
element is made of ultraviolet-curable resin. A pitch of the 
grooves of the diffraction grating is 70 pm or more. 

[0024] In one preferred embodiment of the present inven 
tion, the material for molding is glass and the folloWing 
conditional expressions are preferably satis?ed: 

vdR§4O 

[0025] Where ndG denotes refractive index of the glass at 
d-line, vdG denotes Abbe number of the glass, ndR denotes 
refractive index of the ultraviolet-curable resin at d-line, and 
vdR denotes Abbe number of the resin. 

[0026] In one preferred embodiment of the present inven 
tion, the material for molding is glass and the folloWing 
conditional expressions are preferably satis?ed: 

[0027] Where ndG denotes refractive index of the glass at 
d-line, vdG denotes Abbe number of the glass, ndR denotes 
refractive index of the ultraviolet-curable resin at d-line, and 
vdR denotes Abbe number of the resin. 
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[0028] According to another aspect of the present inven 
tion, a diffractive optical element includes a ?rst transparent 
member on Which grooves of a diffraction grating is formed, 
a second transparent member having a plane or curved 
surface, and an adhesive agent for cementing the grooves of 
the diffraction grating of the ?rst transparent member With 
the plane or curved surface of the second transparent mem 
ber. 

[0029] In one preferred embodiment of the present inven 
tion, the ?rst transparent member is made of material for 
molding. The adhesive agent is made of ultraviolet-curable 
resin. 

[0030] In one preferred embodiment of the present inven 
tion, the folloWing conditional expressions are preferably 
satis?ed: 

[0031] Where ndG denotes refractive index at d-line of the 
?rst transparent member, vdG denotes Abbe number of the 
?rst transparent member, ndR denotes refractive index at 
d-line of the adhesive agent and vdR denotes Abbe number 
of the adhesive agent. 

[0032] In one preferred embodiment of the present inven 
tion, the folloWing conditional expression is preferably 
satis?ed: 

[0033] Where h denotes the groove height of the diffraction 
grating. 

[0034] In one preferred embodiment of the present inven 
tion, a pitch of the grooves of the diffraction grating is 
preferably 80 pm or more. 

[0035] According to another aspect of the present inven 
tion, a method for manufacturing a diffractive optical ele 
ment includes steps of a ?rst step that forms grooves of a 
diffraction grating on a surface of a ?rst transparent member, 
a second step that drips an adhesive agent onto the grooves 
of the diffraction grating on the surface of the ?rst trans 
parent member, a third step that attaches a second transpar 
ent member having a plane or curved surface to the adhesive 
agent, and a fourth step that cures the adhesive agent. 

[0036] In one preferred embodiment of the present inven 
tion, the ?rst step is composed of a hardening step that the 
?rst transparent member is pressed, formed and hardened by 
using a mold on Which the grooves of the diffraction grating 
are formed and a removing step that removes the hardened 
?rst transparent member from the mold. 

[0037] In one preferred embodiment of the present inven 
tion, the fourth step is composed of an irradiating step that 
irradiates the adhesive agent With an ultraviolet light. 

[0038] Further scope of applicability of the present inven 
tion Will become apparent from the detailed description 
given hereinafter. HoWever, it should be understood that the 
detailed description and speci?c examples, While indicating 
preferred embodiments of the invention, are given by Way of 
illustration only, since various changes and modi?cations 
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Within the spirit and scope of the invention Will become 
apparent to those skilled in the art from this detailed descrip 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0039] The present invention Will become more fully 
understood from the detailed description given herein beloW 
and the accompanying draWings Which are given by Way of 
illustration only, and thus are not limitative of the present 
invention and Wherein: 

[0040] FIG. 1A is a sectional vieW shoWing a multi-layer 
type diffractive optical element composed of separated tWo 
layers according to a ?rst embodiment of the present inven 
tion and 

[0041] FIG. 1B is a sectional vieW shoWing a standard 
diffractive optical element in accordance With the multi 
layer type diffractive optical element. 

[0042] FIG. 2 is a sectional vieW shoWing a multi-layer 
type diffractive optical element composed of closely lami 
nated three layers according to a ?rst embodiment of the 
present invention. 

[0043] FIG. 3 is a sectional vieW shoWing a multi-layer 
type diffractive optical element composed of closely lami 
nated tWo layers according to a ?rst embodiment of the 
present invention. 

[0044] FIG. 4 is a sectional vieW shoWing a multi-layer 
type diffractive optical element composed of closely lami 
nated tWo layers according to a second embodiment of the 
present invention. 

[0045] FIGS. 5A-5G are sectional vieWs shoWing manu 
facturing processes of the diffractive optical element accord 
ing to the second embodiment of the present invention. 

[0046] FIG. 6 is a sectional vieW shoWing a multi-layer 
type diffractive optical element composed of closely lami 
nated three layers according to a third embodiment of the 
present invention. 

[0047] FIGS. 7A-7G are sectional vieWs shoWing manu 
facturing processes of the diffractive optical element accord 
ing to the third embodiment of the present invention. 

[0048] FIGS. 8A and 8B are sectional vieWs of diffractive 
optical elements according to modi?ed examples of the third 
embodiment of the present invention, Wherein FIG. 8A is a 
case that a surface of a second transparent member come in 
contact With adhesive has a convex shape facing to the 
diffraction grating side and Wherein FIG. 8B is a case that 
a surface of a second transparent member come in contact 
With adhesive has a concave shape facing to the diffraction 
grating side. 

[0049] FIG. 9 is a sectional vieW shoWing a conventional 
diffractive optical element. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0050] [First Embodiment] 
[0051] At ?rst, a ?rst embodiment of the present invention 
is explained With reference to the accompanying draWings. 
FIG. 1A is a sectional vieW shoWing a multi-layer type 
diffractive optical element composed of separated tWo layers 
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according to a ?rst embodiment of the present invention. In 
the diffractive optical element 1 according to the ?rst 
embodiment of the present invention as shoWn in FIG. 1A, 
a ?rst diffractive element 10 arranged to the light-incident 
side and a second diffractive element 20 arranged to the 
light-exit side are facing With each other separating With a 
predetermined distance. The surfaces of both diffractive 
elements 10 and 20 facing With each other are formed into 
a saWtooth shape. Moreover, these ?rst and second diffrac 
tive elements 10 and 20 are made of different materials With 
each other and have different refractive indices and disper 
sion. FIG. 1B is a sectional vieW shoWing the diffractive 
optical element 1S obtained When the diffractive optical 
element is designed With the optimum conditions by using a 
?rst and a second diffractive elements 10S and 20S similar 
to those 10 and 20 used in the diffractive optical element 1 
according to the ?rst embodiment of the present invention. 
Hereinafter the diffractive optical element 1S is called “the 
standard diffractive optical element” in opposition to the 
diffractive optical element 1 according to the ?rst embodi 
ment of the present invention. 

[0052] As shoWn in FIGS. 1A and 1B, groove heights of 
the multi-layer type diffractive optical elements 1 and 1S 
composed of separated tWo layers are obtained as described 
beloW. In the standard diffractive optical element 1S, the 
groove height DS is obtained as a summation of the groove 
height d1S of the ?rst diffractive element 10S and that d2S 
of the second diffractive element 20S, namely DS=d1S+d2S. 
In the diffractive optical element 1, the groove height D is 
obtained as a summation of the groove height d1 of the ?rst 
diffractive element 10 and that d2 of the second diffractive 
element 20, namely D=d1+d2. 

[0053] Here, the groove height d1S of the ?rst diffractive 
element 10S and that d2S of the second diffractive element 
20S is derived by solving the folloWing simultaneous equa 
tions (1) and (2): 

d1S-(n12-1)-d2s-(n22-1)=7.2 (2) 
[0054] Where X1 and )»2 denote tWo Wavelengths at Which 
chromatic aberration correction is carried out, n11 denotes 
the refractive index of the ?rst diffractive element d1S at 
Wavelength )tl, n12 denotes the refractive index of the 
second diffractive element d2S at Wavelength )tl, n21 
denotes the refractive index of the second diffractive ele 
ment d1S at Wavelength X1, and n22 denotes the refractive 
index of the second diffractive element d1S at Wavelength 
X2. 

[0055] In the ?rst embodiment of the present invention, 
relative to the groove height DS (a summation of optimum 
designed value of the groove height) of the standard dif 
fractive optical element 1S obtained by the summation of 
d1S and d2S, the groove height D (=d1+d2) of the diffractive 
optical element 1 of the ?rst embodiment is determined by 
setting the groove height d1 of the ?rst diffractive element 
and that d2 of the second diffractive element so as to satisfy 
the folloWing conditional expression (3): 

0.5 33/135209 (3) 

[0056] An example of the speci?c procedure to determine 
the groove height D of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
explained. After obtaining the groove height d1S of the 
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diffractive element 105 and that d2S of the diffractive 
element 205 of the standard diffractive optical element 15 by 
solving simultaneous equations (1) and (2), at ?rst, the 
groove height d1 of the ?rst diffractive element 10 of the 
diffractive optical element 1 according to the ?rst embodi 
ment of the present invention is determined by multiplying 
the groove height d1S of the ?rst diffractive element 105 by 
the value D/DS (the value can be selected arbitrarily) 
satisfying the equation Then, the groove height d2 of the 
second diffractive element 20 of the diffractive optical 
element 1 according to the ?rst embodiment of the present 
invention is temporarily set to a value Which gives high 
diffraction efficiency (e.g. 0.98 or more) at using Wavelength 
range (e.g. visible light range). 

[0057] The groove height d1 of the ?rst diffractive element 
10 and that d2 of the second diffractive element 20 of the 
diffractive optical element 1 according to the ?rst embodi 
ment of the present invention are set in this manner, so the 
groove height D (=d1+d2) of the diffractive optical element 
1 according to the ?rst embodiment of the present invention 
is derived from both values d1 and d2, and Whether the value 
D satis?es the conditional expression (3) or not is con?rmed. 
When the groove height D does not satisfy conditional 
expression (3), the procedure for temporarily setting the 
groove height d2 of the second diffractive element 20 is tried 
again. When the groove height D satis?es conditional 
expression (3), the temporarily set value of d2 is set (for 
mally set) as the groove height of the second diffractive 
element 20. 

[0058] The diffractive optical element 1 composed of the 
?rst diffractive element 10 having the groove height d1 and 
the second diffractive element 20 having the second groove 
height d2 obtained (formally set) in accordance With the 
above-described procedure does not severely deteriorate 
diffractive ef?ciency relative to the using Wavelength range 
and improves angular characteristics (see detailed descrip 
tion of preferred embodiments). 

[0059] In the conditional expression (3), the reason Why 
the loWer limit of the groove height of the diffractive optical 
element 1 according to the ?rst embodiment of the present 
invention is 0.5 times as high as the groove height DS 
(optimum designed value of the groove height) of the 
standard diffractive optical element 15 is that When the ratio 
D/DS falls beloW the loWer limit of conditional expression 
(3), degradation of diffractive ef?ciency in the short Wave 
length range (around g-line) and in the long Wavelength 
range (around C-line) becomes large ( in other Words, 
spectral characteristics becomes Worse) and amount of ?are 
light increases. It is dif?cult to apply such a diffractive 
optical element to an imaging lens of an imaging device. 

[0060] In conditional expression (3), the reason Why the 
upper limit of the groove height of the diffractive optical 
element 1 according to the ?rst embodiment of the present 
invention is 0.9 times as high as the groove height D5 of the 
standard diffractive optical element 15 is that When the ratio 
D/DS exceeds the upper limit of conditional expression (3), 
the groove height becomes almost same as that (namely, the 
optimum designed value) of the standard diffractive optical 
element 15, so that the purpose of the present invention 
disappears. 

[0061] When the loWer limit of conditional expression (3) 
is set to 0.55 larger than 0.5, better spectral characteristics 
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can be obtained and When it is set to 0.6 even better spectral 
characteristics can be obtained. Moreover, When the upper 
limit of conditional expression (3) is set to 0.85 other than 
0.9, better angular characteristics can be obtained and When 
it is set to 0.8, even better angular characteristics can be 
obtained. 

[0062] It is preferable that at least one of the ?rst diffrac 
tive element 10 and the second diffractive element 20 of the 
diffractive optical element 1 according to the ?rst embodi 
ment of the present invention is made of glass. Since glass 
has a lot of kinds, you can choose from Wide option. 
Moreover, it is preferable that at least one of the aforemen 
tioned both diffractive optical elements 10 and 20 is made of 
resin. Although resin having feWer kinds has narroW 
choices, resin can be easily processed and has good produc 
tivity. 

[0063] The optimum designed groove height D5 of the 
diffractive optical element 1 according to the ?rst embodi 
ment of the present invention is preferably designed to 
satisfy the condition of correcting chromatic aberration at 
d-line and g-line. In this Way, the diffractive optical element 
1 according to the ?rst embodiment of the present invention 
can be applied to almost all visible Wavelengths, so that it 
becomes easy to be used for an imaging lens of a photo 
graphic camera using a White light. The ?rst embodiment 
uses diffraction efficiency (1] 

EXAMPLE 1 

[0064] Here, a glass material of BK7 (made by Schott 
Glas) is used as the ?rst diffractive element 10 and a glass 
material F2 (made by Schott Glas) is used as the second 
diffractive element 20. Correction of chromatic aberration is 
carried out at d-line (587.6 nm) and g-line (435.8 nm). 
Various values of refractive index are listed in Table 1. 

TABLE 1 

k1 = 587.6 nm k2 = 435.8 nm 

BK7 n11 = 1.5168 n12 = 1.52668 

F2 n21 = 1.62004 n22 = 1.64202 

[0065] The (optimum designed values) of the groove 
heights d1S and d2S are calculated by substituting these 
values for the equations (1) and (2) as shoWn Table 2. 

TABLE 2 

d1S (optimum) = 20453 nm 

d2S (optimum) = 16100 nm 

DS = 36553 nm 

Example 1-1 

[0066] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 18400 nm Which is 0.90 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
14400 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.897, so the 
equation (3) is satis?ed. 
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Example 1-2 

[0067] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 15400 nm Which is 0.75 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
11900 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.747, so the 
equation (3) is satis?ed. 

Example 1-3 

[0068] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 10500 nm Which is 0.51 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
7850 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.502, so the 
equation (3) is satis?ed. 

[0069] The values of diffraction ef?ciency of the diffrac 
tive optical elements according to Example 1 are listed in 
Table 3 Where the pitch of the grooves is 0.1 mm, incident 
light is d-line, and incident angle is +5°. Moreover, in order 
to con?rm that diffraction ef?ciency does not sharply 
decrease at other Wavelength, diffraction ef?ciency at C-line 
is also shoWn. The value of diffraction efficiency at C-line is 
at normal incidence. 

TABLE 3 

diffraction efficiency 

d-line C-line 

(+5°) (normal) 

optimum designed value 0.57 0.994 
(Example 1-1) 0.68 0.991 
(Example 1-2) 0.80 0.989 
(Example 1-3) 0.92 0.973 

EXAMPLE 2 

[0070] Here, a glass material of FK52 (made by Schott 
Glas) is used as the ?rst diffractive element 10 and a glass 
material BaF4 (made by Schott Glas) is used as the second 
diffractive element 20. Correction of chromatic aberration is 
carried out at d-line (587.6 nm) and g-line (435.8 nm). 
Various values of refractive index are listed in Table 4. 

TABLE 4 

k1 = 587.6 nm k2 = 435.8 nm 

FK52 n11 = 1.48605 n12 = 1.49338 

BaF4 n21 = 1.60562 n22 = 1.62318 

[0071] The (optimum designed values) of the groove 
height d1S and d2S are calculated by substituting these 
values for the equations (1) and (2) as shoWn Table 5. 

TABLE 5 

d1S (optimum) = 24965 nm 

d2S (optimum) = 19066 nm 

DS = 44031 nrn 
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Example 2-1 

[0072] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 20000 nm Which is 0.80 times as high as the optimum 

designed groove height d1S. The groove height d2 is set to 
15100 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.797, so the 
equation (3) is satis?ed. 

Example 2-2 

[0073] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 17500 nm Which is 0.70 times as high as the optimum 

designed groove height d1S. The groove height d2 is set to 
13100 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.695, so the 
equation (3) is satis?ed. 

Example 2-3 

[0074] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 15000 nm Which is 0.60 times as high as the optimum 

designed groove height d1S. The groove height d2 is set to 
11100 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.593, so the 
equation (3) is satis?ed. 

[0075] The values of diffraction ef?ciency of the diffrac 
tive optical elements according to Example 2 are listed in 
Table 6 Where the pitch of the grooves is 0.1 mm, incident 
light is d-line, and incident angle is +5°. Moreover, in order 
to con?rm that diffraction ef?ciency does not sharply 
decrease at other Wavelength, diffraction efficiency at C-line 
is also shoWn. The value of diffraction efficiency at C-line is 
at normal incidence. 

TABLE 6 

diffraction efficiency 

d-line C-line 

(+5 0) (normal) 

optimum designed value 0.28 0.995 
(Example 2-1) 0.62 0.989 
(Example 2-2) 0.74 0.985 
(Example 2-3) 0.81 0.982 

EXAMPLE 3 

[0076] Here, a glass material of SK11 (made by Schott 
Glas) is used as the ?rst diffractive element 10 and a glass 
material SE4 (made by Schott Glas) is used as the second 
diffractive element 20. Correction of chromatic aberration is 

carried out at d-line (587.6 nm) and g-line (435.8 nm). 
Various values of refractive index are listed in Table 7. 
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TABLE 7 

k1 = 587.6 nm k2 = 435.8 nm 

SK11 n11 = 1.56384 n12 = 1.57530 

SF4 n21 = 1.75520 n22 = 1.79121 

[0077] The (optimum designed values) of the groove 
height d1S and d2S are calculated by substituting these 
values for the equations (1) and (2) as shoWn Table 8. 

TABLE 8 

d1S (optimum) = 11657 nm 

d2S (optimum) = 7925 nm 
DS = 19582 nm 

Example 3-1 

[0078] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 10000 nm Which is 0.85 times as high as the optimum 

designed groove height d1S. The groove height d2 is set to 
6700 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.853, so the 
equation (3) is satis?ed. 

Example 3-2 

[0079] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 9000 nm Which is 0.75 times as high as the optimum 

designed groove height d1S. The groove height d2 is set to 
5950 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.763, so the 
equation (3) is satis?ed. 

Example 3-3 

[0080] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 7500 nm Which is 0.65 times as high as the optimum 

designed groove height d1S. The groove height d2 is set to 
4850 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.631, so the 
equation (3) is satis?ed. 

[0081] The values of diffraction ef?ciency of the diffrac 
tive optical elements according to Example 3 are listed in 
Table 9 Where the pitch of the grooves is 0.1 mm, incident 
light is d-line, and incident angle is +5°. Moreover, in order 
to con?rm that diffraction ef?ciency does not sharply 
decrease at other Wavelength, diffraction ef?ciency at C-line 
is also shoWn. The value of diffraction efficiency at C-line is 
at normal incidence. 
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TABLE 9 

diffraction efficiency 

d-line C-line 

(+5 0) (normal) 

optimum designed value 0.91 0.994 
(Example 3-1) 0.94 0.989 
(Example 3-2) 0.96 0.989 
(Example 3-3) 0.97 0.980 

EXAMPLE 4 

[0082] Here, a material of PMMA is used as the ?rst 
diffractive element 10 and a resin material A is used as the 
second diffractive element 20. Correction of chromatic aber 
ration is carried out at d-line (587.6 nm) and g-line (435.8 
nm). Various values of refractive index are listed in Table 10. 

TABLE 10 

k1 = 587.6 nm k2 = 435.8 nm 

PMMA n11 = 1.4908 n12 = 1.5016 

Resin A n21 = 1.7046 n22 = 1.7336 

[0083] The (optimum designed values) of the groove 
height d1S and d2S are calculated by substituting these 
values for the equations (1) and (2) as shoWn Table 11. 

TABLE 11 

d1S (optimum) = 18520 nm 

d2S (optimum) = 12066 nm 

DS = 30586 nm 

Example 4-1 

[0084] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 16000 nm Which is 0.86 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
10310 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.860, so the 
equation (3) is satis?ed. 

Example 4-2 

[0085] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 13000 nm Which is 0.70 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
8240 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.694, so the 
equation (3) is satis?ed. 

Example 4-3 

[0086] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 9700 nm Which is 0.52 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
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5970 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.512, so the 
equation (3) is satis?ed. 

[0087] The values of diffraction ef?ciency of the diffrac 
tive optical elements according to Example 4 are listed in 
Table 12 Where the pitch of the grooves is 0.1 mm, incident 
light is d-line, and incident angle is +50. Moreover, in order 
to con?rm that diffraction ef?ciency does not sharply 
decrease at other Wavelength, diffraction ef?ciency at C-line 
is also shoWn. The value of diffraction efficiency at C-line is 
at normal incidence. 

TABLE 12 

diffraction efficiency 

d-line C-line 

(+5 0) (normal) 

optimum designed value 0.74 0.995 
(Example 4-1) 0.82 0.993 
(Example 4-2) 0.89 0.986 
(Example 4-3) 0.95 0.971 

EXAMPLE 5 

[0088] Here, a resin material of an ultraviolet-curable 
resin B is used as the ?rst diffractive element 10 and a resin 
material of an ultraviolet-curable resin C is used as the 
second diffractive element 20. Correction of chromatic aber 
ration is carried out at d-line (587.6 nm) and g-line (435.8 
nm). Various values of refractive index are listed in Table 13. 

TABLE 13 

k1 = 587.6 nm k2 = 435.8 nm 

Resin B n11 = 1.524 n12 = 1.537 

Resin C n21 = 1.635 n22 = 1.674 

[0089] The (optimum designed values) of the groove 
height d1S and d2S are calculated by substituting these 
values for the equations (1) and (2) as shoWn Table 14. 

TABLE 14 

d1S (optimum) = 9500 nm 

d2S (optimum) = 6900 nm 

DS = 16400 nrn 

Example 5-1 

[0090] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 7600 nm Which is 0.80 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
5360 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.790, so the 
equation (3) is satis?ed. 

Example 5 -2 

[0091] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
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set to 6700 nm Which is 0.70 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
4630 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.691, so the 
equation (3) is satis?ed. 

Example 5-3 

[0092] In this example, the groove height d1 of the ?rst 
diffractive element 10 of the diffractive optical element 1 
according to the ?rst embodiment of the present invention is 
set to 5900 nm Which is 0.62 times as high as the optimum 
designed groove height d1S. The groove height d2 is set to 
3980 nm Which gives high diffraction ef?ciency over the 
visible Wavelength range. The ratio D/DS is 0.602, so the 
equation (3) is satis?ed. 

[0093] The values of diffraction ef?ciency of the diffrac 
tive optical elements according to Example 5 are listed in 
Table 15 Where the pitch of the grooves is 0.1 mm, incident 
light is d-line, and incident angle is +5°. Moreover, in order 
to con?rm that diffraction ef?ciency does not sharply 
decrease at other Wavelength, diffraction efficiency at C-line 
is also shoWn. The value of diffraction efficiency at C-line is 
at normal incidence. 

TABLE 15 

diffraction efficiency 

d-line C-line 

(+5 0) (normal) 
optimum designed value 0.94 0.996 
(Example 5-1) 0.96 0.988 
(Example 5-2) 0.97 0.982 
(Example 5-3) 0.98 0.977 

[0094] As is shoWn from the above results, When the 
summation D(=d1+d2) of the groove heights d1 of the ?rst 
diffractive element 10 and that d2 of the second diffractive 
element 20 of the diffractive optical element 1 according to 
the ?rst embodiment of the present invention satis?es the 
equation (3), the diffractive optical element 1 gives higher 
diffraction ef?ciency at incident angle +5° than that of the 
optimum designed diffractive optical element, so that it has 
good angular characteristics. Moreover, diffraction ef? 
ciency is alWays 0.97 or more at d-line and g-line, has little 
spectral dependency, and does not have any sharp drop With 
respect to Wavelength, so that the diffractive optical element 
1 also has very good spectral characteristics. 

[0095] Although the above-mentioned examples relate to 
the multi-layer type diffractive optical element composed of 
tWo layers separated With each other, the present invention 
can be applied to a multi-layer type diffractive optical 
element composed of tWo layers closely laminated With each 
other or that composed of three or more layers separated or 
closely laminated With each other. 

[0096] FIG. 2 is a sectional vieW shoWing a multi-layer 
type diffractive optical element composed of closely lami 
nated three layers according to the ?rst embodiment of the 
present invention. A ?rst diffractive element 30 Whose 
light-exit-side surface is formed in a saW-tooth shape, a 
second diffractive element 40 closely laminated With the 
saW-tooth shape surface of the ?rst diffractive element 30, 
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and a third diffractive element 50 closely laminated With the 
light-eXit-side surface of the second diffractive element 40. 
These ?rst, second, and third diffractive elements 30, 40, and 
50 are made of different materials With each other, so that 
they have different refractive indices and dispersion With 
each other. 

[0097] In a diffractive optical element having such struc 
ture, groove heights dlS, d2S, and d3S can be calculated 
from the folloWing simultaneous equations (4), (5), and (6): 

[0098] Where dlS, d2S, and d3S (dlS, d2S, and d3S are 
not shoWn in FIG. 2) denote optimum designed groove 
heights of the ?rst, second, and third diffractive elements, 
respectively, K1, K2, and )»3 denote Wavelengths Where 
chromatic aberration correction is carried out, respectively, 
n11 denotes refractive indeX of the ?rst diffractive element 
30 at Wavelength )tl, n12 denotes refractive indeX of the ?rst 
diffractive element 30 at Wavelength k2, n13 denotes refrac 
tive indeX of the ?rst diffractive element 30 at Wavelength 
k3, n21 denotes refractive indeX of the second diffractive 
element 40 at Wavelength )tl, n22 denotes refractive indeX 
of the second diffractive element 40 at Wavelength k2, n23 
denotes refractive indeX of the second diffractive element 40 
at Wavelength k3, n31 denotes refractive indeX of the third 
diffractive element 50 at Wavelength )tl, n32 denotes refrac 
tive indeX of the third diffractive element 50 at Wavelength 
k2, and n33 denotes refractive index of the third diffractive 
element 50 at Wavelength X3. 

[0099] The optimum designed groove heights dlS, d2S, 
and d3S of the ?rst, second, and third diffractive elements, 
respectively, are derived by solving the above simultaneous 
equations (4), (5), and Then, the groove heights d1, d2, 
and d3 of the ?rst, second, and third diffractive elements, 
respectively, composing the diffractive optical element 
according to the ?rst embodiment of the present invention 
are determined by using similar procedure described above 
in the ?rst embodiment. 

[0100] HoWever, in the multi-layer type diffractive optical 
element that three layers are closely laminated shoWn in 
FIG. 2, the groove height D of the diffractive optical 
element according to the ?rst embodiment of the present 
invention is the summation (D=d1+d3) of the groove height 
d1 of the ?rst diffractive element 30 and that d3 of the third 
diffractive element 50. The groove height (optimum 
designed value) D5 of the standard diffractive optical ele 
ment (not shoWn) is the summation (DS=d1S+d3S) of the 
groove height (optimum designed value) dlS of the ?rst 
diffractive element 30 and that (optimum designed value) 
d3S of the third diffractive element 50. 

[0101] FIG. 3 is a sectional vieW shoWing a multi-layer 
type diffractive optical element composed of closely lami 
nated tWo layers according to the ?rst embodiment of the 
present invention. A ?rst diffractive element 70 Whose 
light-eXit-side surface is formed in a saW-tooth shape, and a 
second diffractive element 80 closely laminated With the 
saW-tooth shape surface of the ?rst diffractive element 70. 
These ?rst and second diffractive elements 70 and 80 are 
made of different materials With each other, so that they have 
different refractive indices and dispersion With each other. 
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The Way to obtain the groove heights d1 and d2 of the ?rst 
and second diffractive elements, respectively, is the same as 
the above-described case of the multi-layer type diffractive 
optical element 1 composed of tWo layers. The groove 
height D of the diffractive optical element according to this 
embodiment, hoWever, is the groove height d1 itself of the 
?rst diffractive element 70. Moreover, the groove height 
(optimum designed value) D5 of the standard diffractive 
optical element (not shoWn) according to this embodiment is 
the groove height (optimum designed value) dlS itself of the 
?rst diffractive element. 

[0102] As described above, a diffractive optical element 
according to the ?rst embodiment of the present invention 
can improve angular characteristics of diffraction ef?ciency 
relative to a conventional one Without largely deteriorating 
spectral characteristics When the groove height is loWered to 
satisfy the conditional eXpression 0.5 §D/DS§0.9, Where 
DS denotes the optimum designed value of a groove height 
of the diffractive optical element and D denotes an actual 
groove height the diffractive optical element. Moreover, 
since the groove height D of this diffraction optical element 
becomes loWer than the optimum designed value DS, there 
is an advantage to be easily manufactured. 

[0103] [Second Embodiment] 
[0104] A second embodiment according to the present 
invention is eXplained beloW With reference to accompany 
ing draWings. FIG. 4 is a sectional vieW shoWing a multi 
layer type diffractive optical element composed of closely 
laminated tWo layers according to a second embodiment of 
the present invention. The diffractive optical element 101 
according to the second embodiment of the present inven 
tion is composed of a ?rst diffractive element 110 and a 
second diffractive element 120, made of different materials 
With each other, and closely laminated With each other. A 
diffraction grating 130 is formed on the boundary betWeen 
the ?rst and second diffractive elements 110 and 120. In the 
second embodiment of the present invention, although the 
diffraction grating 130 has a saW-tooth shape, the present 
invention is not limited to the disclosure. 

[0105] In the diffractive optical element 101 according to 
the second embodiment of the present invention, one of 
materials composing the ?rst and second diffractive ele 
ments 110 and 120 is made of glass for glass molding and 
a material of the other diffractive element is an ultraviolet 
curable resin. In the second embodiment of the present 
invention, although the diffractive optical element is 
eXplained to have the structure that the ?rst diffractive 
element 110 is made of glass for glass molding and the 
second diffractive element 120 is made of an ultraviolet 
curable resin, the order of the materials may be reversed. In 
the second embodiment of the present invention, it becomes 
possible to apply injection molding by using the glass for 
glass molding, so that productivity increases. Moreover, in 
the second embodiment of the present invention, an ultra 
violet-curable resin is used instead of a thermoplastic resin. 
Athermoplastic resin (M5300, OPET, and the like disclosed 
in Japanese Laid-Open Patent Application No. 11-271513) 
has a defect that it has bad contact With glass because of 
large contraction rate upon molding, so that they are not 
readily laminated With each other. A molding machine for a 
thermoplastic resin is a large scale and does not have good 
productivity. On the other hand, an ultraviolet-curable resin 
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has merit that it has good contact With glass and can be 
molded With a small molding machine. In the second 
embodiment of the present invention, since a closely lami 
nated multi-layer type diffractive optical element as shoWn 
in FIG. 4 is used, the groove height of the diffraction grating 
can be loWer than a conventional multi-layer type diffractive 
optical element as shoWn in FIG. 9. Accordingly, angular 
characteristics can be improved. 

[0106] In a diffractive optical element 101 according to the 
second embodiment of the present invention, the folloWing 
conditional expression (7) is satis?ed: 

[0107] Where h denotes the groove height 130 of the 
diffractive optical element 101. Conditional expression (7) 
de?nes an appropriate range of the groove height regarding 
angular characteristics (the decreasing rate in diffraction 
ef?ciency relative to angular change in incident light). When 
the condition is satis?ed, angular characteristics can be 
improved in comparison With a conventional laminated 
multi-layer type diffractive optical element. In other Words, 
by loWering the groove height h of the diffraction grating 
130 by the upper limit (18.0 pm) of conditional expression 
(7) or less, light loss upon transmitting can be loWer, thereby 
improving the angular characteristics. HoWever, the height h 
cannot be loWered Without restriction because there is some 
possibility that severe manufacturing accuracy cannot be 
satis?ed, so that the groove height h of conditional expres 
sion (7) preferably has a loWer limit. When the loWer limit 
of conditional expression (7) is set to 8.0 pm and the upper 
limit is set to 16.0 pm, better result can be obtained. 

[0108] In a diffractive optical element 101 according to the 
second embodiment of the present invention, the vertex 
angle 0 (see FIG. 4) of the diffraction grating 130 can be 
gentle by Widening the pitch p (minimum pitch: see FIG. 4) 
of the diffraction grating 130 by 70 pm or more. When the 
vertex angle 0 of the diffraction grating 130 is made to be 
gentle as described above, by using a mold (a ?rst mold 150) 
as described beloW, the shape can precisely be transferred 
upon forming the ?rst diffractive element 110. Moreover, 
since an ultraviolet-curable resin dripped onto the diffraction 
grating 1330 transferred as described above spreads all over 
the grooves of the diffraction grating 130 formed (trans 
ferred) on the ?rst diffractive element 110, the diffraction 
grating 130 having a predetermined shape can be easily 
formed. Accordingly, the productivity of the diffractive 
optical element 101 according to the second embodiment of 
the present invention can be increased. When the pitch 
(minimum pitch) p of the diffraction grating 130 is made 
larger to 100 pm or more, the vertex angle 0 of the 
diffraction grating 130 become gentler, so that it becomes 
easier to form the diffraction grating 130. Moreover, When 
the pitch becomes Wider, angular characteristics increase. 
According to our simulation, a preferable result can be 
obtained about 70 pm or more. 

[0109] Furthermore, in a diffractive optical element 101 
according to the second embodiment of the present inven 
tion, glass for glass molding composing the ?rst diffractive 
element 110 preferably satis?es the folloWing conditional 
expressions (8) and (9) and an ultraviolet-curable resin 
composing the second diffractive element 120 preferably 
satis?es the folloWing conditional expressions (10) and (11): 

1.55§ndG§1.65 (s) 

55 vdG§65 (9) 
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[0110] Where ndG and vdG denote refractive index at 
d-line and Abbe number of the glass for glass molding, 
respectively, and ndR and vdR denote refractive index at 
d-line and Abbe number of the ultraviolet-curable resin, 
respectively. 

[0111] Alternatively, glass for glass molding preferably 
satis?es the folloWing conditional expressions (12) and (13) 
and an ultraviolet-curable resin preferably satis?es the fol 
loWing conditional expressions (14) and (15): 

[0112] Both conditional expressions (8) and (9), or (12) 
and (13) de?ne appropriate ranges of glass for glass molding 
among various kinds of molding glass Which is particularly 
compatible With the ultraviolet-curable resin. When each 
value becomes out of each range, it becomes dif?cult to 
obtain the multi-layer type diffractive optical element 
according to the second embodiment having a shape that the 
?rst diffractive element 110 (glass for glass molding) con 
tacts With the second diffractive element 120 (an ultraviolet 
curable resin) at the common diffraction grating 130. When 
the loWer limit and the upper limit of conditional expression 
(8) are set to 1.57 and 1.63, respectively, and the loWer limit 
and the upper limit of conditional expression (9) are set to 
57 and 63, respectively, more preferable result can be 
obtained. Similarly, When the loWer limit and the upper limit 
of conditional expression (12) are set to 1.65 and 1.70, 
respectively, and the loWer limit and the upper limit of 
conditional expression (13) are set to 52 and 58, respec 
tively, further more preferable result can be obtained. 

[0113] Furthermore, conditional expressions (10) and 
(11), or (14) and (15) de?ne appropriate ranges for keeping 
various characteristics of the diffractive optical element 101 
Well. When these values come out from the ranges of the 
conditional expressions, the groove height h of the diffrac 
tion grating 1330 becomes high to result in deterioration of 
angular characteristics or decrease in spectral diffraction 
ef?ciency even if the diffractive optical element 101 has a 
shape that the ?rst diffractive element 110 (glass for glass 
molding) contacts With the second diffractive element 120 
(an ultraviolet-curable resin) at the common diffraction 
grating 130. When the loWer limit and the upper limit of 
conditional expression (10) are set to 1.52 and 1.58, respec 
tively, and the upper limit of conditional expression (11) is 
set to 25, better result can be obtained. Similarly, When the 
upper limit of conditional expression (14) is set to 1.65, and 
the loWer limit and the upper limit of conditional expression 
(15) are set to 20 and 30, respectively, even better result can 
be obtained. 

[0114] Then, the manufacturing procedure of the diffrac 
tive optical element 101 according to the second embodi 
ment of the present invention is explained. At ?rst, a ?rst 
mold 150 on Which a predetermined shape of a diffraction 
grating is formed in advance and a second mold 160 on 
Which a predetermined shape of a surface is formed in 
advance are prepared. Glass 110A for glass molding that is 
formed to a predetermined shape (e.g., a disk shape in the 
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second embodiment) and heated more than glass transition 
temperature is prepared (see FIG. 5A). As for glass 110A for 
glass molding, those explained below in Examples are 
recommended. 

[0115] The above-described glass 110A for glass molding 
that is heated more than glass transition temperature is 
pressed With the ?rst mold 150 and the second mold 160, 
gradually cooled to be hardened (see FIG. 5B). The hard 
ened glass 110A for glass molding is removed from the ?rst 
mold 150 and the second mold 160 (see FIG. 5C). Accord 
ingly, the shape of the diffraction grating formed on the ?rst 
mold 150 is transferred to the glass 110A for glass molding 
to form a ?rst diffractive element 110. 

[0116] Then, a proper quantity of liquid type ultraviolet 
curable resin 120A is dropped onto a surface of the ?rst 
diffractive element 110 manufactured With the above-de 
scribed procedure, Where the diffraction grating 130 is 
formed (see FIG. 5D). As for the ultraviolet-curable resin 
120A, those explained beloW in Examples are recom 
mended. In the liquid type ultraviolet-curable resin 120A, a 
third mold 170 for forming a surface is pressed to the 
opposite surface of a surface Where the diffraction grating 
130 is formed (see FIG. 5E). Then, the liquid type ultra 
violet-curable resin 120A is cured by radiating it With an 
ultraviolet light 180 (see FIG. 5F). Accordingly, the second 
diffractive element 120 that is closely laminated With the 
?rst diffractive element 110 is formed. Finally, When the 
third mold 170 for forming a surface is removed, the 
laminated multi-layer type diffractive optical element 101 
according to the second embodiment of the present inven 
tion composed of the ?rst diffractive element 110 (glass for 
glass molding) and the second diffractive element 120 
(ultraviolet-curable resin) is completed. 
[0117] When the laminated multi-layer type diffractive 
optical element 101 according to the second embodiment of 
the present invention is manufactured With the procedure 
described above, the mold on Which the diffraction grating 
130 is to be formed in advance is only one (the ?rst mold 150 
), so that the manufacturing cost can be reduced. Moreover, 
it is not necessary to adjust both diffraction gratings 130 
formed on the ?rst and second diffractive elements 110 and 
120. The second embodiment uses diffraction ef?ciency 

(11A) 
EXAMPLE 6 

[0118] In this example, VC78 having ndG=1.66910, vdG= 
55.4 (a product of Sumita Optical Glass, Inc.) is used as 
glass 110A for glass molding and HV16 having ndR= 
1.5980, vdR=28.0 (a product of ADEL CO.,LTD) is used as 
an ultraviolet-curable resin 120A. The groove height h of the 
diffraction grating 130 is 8.1 pm. In this construction, We 
have obtained high diffraction ef?ciency of 0.97 or more 
from g-line to C-line. 

EXAMPLE 7 

[0119] In this example, a loW-glass-transition-temperature 
glass A having ndG=1.67790, vdG=55.3 is used as glass 
110A for glass molding and an ultraviolet-curable resin D 
having ndR=1.6350, vdR=23.0 is used as an ultraviolet 
curable resin 120A. The groove height h of the diffraction 
grating 130 is 15.0 pm. In this construction, We have 
obtained high diffraction efficiency of 0.97 or more from 
g-line to C-line. 
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EXAMPLE 8 

[0120] In this example, VC79 having ndG=1.60970, vdG= 
57.8 (a product of Sumita Optical Glass, Inc.) is used as 
glass 110A for glass molding and an ultraviolet-curable resin 
E having ndR=1.5440, vdR=29.3 is used as an ultraviolet 
curable resin 120A. The groove height h of the diffraction 
grating 130 is 8.8 pm. In this construction, We have obtained 
high diffraction ef?ciency of 0.98 or more from g-line to 
C-line. 

EXAMPLE 9 

[0121] In this example, a loW-glass-transition-temperature 
glass C having ndG=1.59813, vdG=61.1 is used as glass 
110A for glass molding and an ultraviolet-curable resin F 
having ndR=1.5539, vdR=38.1 is used as an ultraviolet 
curable resin 120A. The groove height h of the diffraction 
grating 130 is 16.4 pm. In this construction, We have 
obtained high diffraction efficiency of 0.98 or more from 
g-line to C-line. 

[0122] According to above-described examples of the 
second embodiment, When the groove height h of the 
diffraction grating 130 is set to a value satisfying conditional 
expression (7), We have obtained high diffraction ef?ciency 
of 0.97 or more from g-line to C-line and con?rmed to have 
good angular characteristics. 

[0123] As described above, the second embodiment of the 
present invention makes it possible to provide a diffractive 
optical element having improved angular characteristics 
relative to a conventional one and improved productivity. 

[0124] [Third Embodiment] 
[0125] A third embodiment of the present invention is 
explained beloW With reference to accompanying draWings. 
FIG. 6 is a sectional vieW shoWing a multi-layer type 
diffractive optical element composed of closely laminated 
three layers according to a third embodiment of the present 
invention. The diffractive optical element 201 according to 
the third embodiment of the present invention is composed 
of a ?rst transparent member 210 on Which a diffraction 
grating 240 is formed, a second transparent member 220 
Which has a plane or curved surface, and adhesive 230 for 
cementing the diffraction grating 240 of the ?rst transparent 
member 210 onto the plane or curved surface of the second 
transparent member 220. Here, the adhesive and the ?rst 
transparent member 210 are different in their materials and 
have different refractive indices or Abbe numbers With each 
other. The plane or curved surface of the second transparent 
member 220 does not have grooves of a diffraction grating. 
In the third embodiment of the present invention, although 
the diffraction grating 240 formed on the ?rst transparent 
member 210 has a saW-tooth shape as shoWn in FIG. 6, the 
present invention is not limited to the disclosure. 

[0126] Using this structure of the diffractive optical ele 
ment 201 makes it possible to manufacture the diffraction 
grating 240 by using only one mold, so that the conventional 
procedure that tWo diffraction gratings are manufactured 
separately and aligned their relative positions becomes 
unnecessary. Moreover, since the adhesive 230 is used, a 
diffractive optical element can be manufactured by putting 
the adhesive 230 in betWeen the ?rst transparent member 
210 and the second transparent member 220 and by curing 
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it. In addition, since the adhesive 230 is used, it is effective 
to prevent the diffraction grating 240 from coming off at a 
surface 270. 

[0127] In the diffractive optical element 201 according to 
the third embodiment of the present invention, it is prefer 
able that the ?rst transparent member 210 is made of glass 
for glass molding. The glass for glass molding has a lot of 
kinds, so that the material has broad options to be easy for 
manufacturing. Moreover, it is preferable that the adhesive 
230 is made of an ultraviolet-curable resin. The ultraviolet 
curable resin performs its mission of adhering the ?rst 
transparent member 210 to the second transparent member 
220 and is able to be cured easily by radiating it With an 
ultraviolet light as described later. 

[0128] In the diffractive optical element 201, the materials 
of the ?rst transparent member 210 and the adhesive 230 
preferably satisfy the folloWing conditional expressions (16) 
and (17), and (18) and (19), respectively: 

1.55§ndG§1.70 (16) 

50 évdGé 65 (17) 

1.50§ndR§1.65 (1s) 

vdR§45 (19) 

[0129] Where ndG and vdG denote the refractive index at 
d-line and Abbe number of the ?rst transparent member 210, 
respectively, and ndR and vdR denote the refractive index at 
d-line and Abbe number of the adhesive 230, respectively. 

[0130] Conditional expressions (16), (17), (18) and (19) 
de?ne appropriate ranges of different materials as shoWn in 
FIG. 6 (here, they are the ?rst transparent member 210 and 
the adhesive 230) to be able to contact With each other at the 
common diffraction grating 240. When each value becomes 
out of each range, it becomes difficult to obtain the multi 
layer type diffractive optical element according to the third 
embodiment of the present invention. In particular, condi 
tional expressions (16) and (18) are for obtaining good 
angular characteristics. When each value falls beloW the 
loWer limit of conditional expression (16) or exceeds the 
upper limit of conditional expression (18), the groove height 
h of the diffraction grating 240 (see FIG. 6) becomes too 
high to obtain a predetermined groove shape With maintain 
ing angular characteristics Well. Conditional expressions 
(17) and (19) are for obtaining good diffraction ef?ciency 
over entire Wavelength range. When each value becomes out 
of each range, it becomes dif?cult to obtain good diffraction 
ef?ciency over entire Wavelength range. 

[0131] When the loWer limit and the upper limit of con 
ditional expression (16) are set to 1.57 and 1.68, respec 
tively, and the loWer limit and the upper limit of conditional 
expression (17) are set to 52 and 63, respectively, a further 
preferable result can be obtained. Similarly, When the loWer 
limit and the upper limit of conditional expression (18) are 
set to 1.52 and 1.63, respectively, and the loWer limit and the 
upper limit of conditional expression (19) are set to 20 and 
43, respectively, a further preferable result can be obtained. 

[0132] Furthermore, in the diffractive optical element 201, 
the folloWing conditional expression (20) is preferably sat 
is?ed: 

h§16.0 [um (20) 

[0133] Where h denotes the groove height of the diffraction 
grating 240. 
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[0134] Conditional expression (20) de?nes an appropriate 
range of the groove height relative to angular characteristics 
(the decreasing rate in diffraction ef?ciency relative to 
angular change in incident light). When the condition is 
satis?ed, angular characteristics can be improved in com 
parison With a conventional laminated multi-layer type 
diffractive optical element. In other Words, by loWering the 
groove height h of the diffraction grating 240 by the upper 
limit (16.0 pm) of conditional expression (20) or less, light 
loss upon transmitting can be loWer, thereby improving the 
angular characteristics. HoWever, the height h cannot be 
loWered Without restriction because there is some possibility 
that severe manufacturing accuracy cannot be satis?ed, so 
that the groove height h of conditional expression (20) 
preferably has a loWer limit. When the loWer limit of 
conditional expression (20) is set to 6.5 pm and the upper 
limit is set to 15.0 pm, better result can be obtained. 

[0135] In a diffractive optical element 201 according to the 
third embodiment of the present invention, the vertex angle 
0 (see FIG. 6) of the diffraction grating 240 can be gentle by 
Widening the pitch p (minimum pitch: see FIG. 6) of the 
diffraction grating 240 by 80 pm or more. When the vertex 
angle 0 of the diffraction grating 240 is made to be gentle as 
described above, by using a mold (a ?rst mold 250) as 
described beloW, the shape can precisely be transferred upon 
forming the ?rst diffractive element 210. Moreover, since an 
ultraviolet-curable resin dripped onto the diffraction grating 
240 transferred as described above spreads all over the 
grooves of the diffraction grating 240 formed (transferred) 
on the ?rst diffractive element 210, the diffraction grating 
240 having a predetermined shape can be easily formed. 
Accordingly, the productivity of the diffractive optical ele 
ment 201 according to the third embodiment of the present 
invention can be increased. When the pitch (minimum pitch) 
p of the diffraction grating 240 is made larger to 100 pm or 
more, the vertex angle 0 of the diffraction grating 240 
becomes gentler, so that it becomes easier to form the 
diffraction grating 240. 

[0136] The diffractive optical element 201 according to 
the third embodiment of the present invention can be manu 
factured easily because the ?rst transparent member 210 on 
Which the diffraction grating 240 is formed is simply 
cemented to the second transparent member 220 having a 
plane or curved surface betWeen the diffraction grating 240 
of the ?rst transparent member 210 and the plane or curved 
surface of the second transparent member 220 With the 
adhesive 230. 

[0137] Then, the manufacturing procedure of the diffrac 
tive optical element 201 according to the third embodiment 
of the present invention is explained. At ?rst, a ?rst mold 
250 on Which a predetermined shape of a diffraction grating 
is formed in advance and a second mold 260 on Which a 
predetermined shape of a surface is formed in advance are 
prepared. Glass 210A for glass molding that is formed to a 
predetermined shape (e.g., a disk shape in the third embodi 
ment) and heated more than glass transition temperature is 
prepared (see FIG. 7A). As for glass 210A for glass mold 
ing, those explained beloW in Examples are recommended. 

[0138] The above-described glass 210A for glass molding 
that is heated more than glass transition temperature is 
pressed With the ?rst mold 250 and the second mold 260, 
gradually cooled to be hardened (a ?rst step, see FIG. 7B). 










