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Abstract: Within the framework of rigorous diffraction theory, the maximum possible incidence an-
gles of radiation on two-layer sawtooth relief-phase microstructures in the visible (0.4 <A < 0.7 um)
spectral range are compared. Optical materials for the layers of these microstructures are selected
from a database of 47 plastics and 165 molded glasses. It is shown that when the ratio of the spatial
period of the microstructure to the effective depth of the relief is greater than 20, the achievable
angles within which the diffraction efficiency exceeds 0.95 lie in a wide range from 18.5° to 40.5°
for single-relief structures and 7.5° to 22.3° for structures with two internal reliefs. The best results
for purely plastic microstructures are obtained when the plastic CMT and the indium tin oxide
nanocomposite in polymethylmethacrylate are used.

Keywords: diffractive optical element; two-layer double-relief diffractive microstructure; diffraction
efficiency; scalar and rigorous diffraction theory

1. Introduction

Diffractive optical elements (DOEs) are of considerable interest for the design of
imaging optical systems for polychromatic radiation owing to their unique aberration
properties. Indeed, a single DOE with low optical power, when introduced into a refractive
lens objective design, enables a high degree of chromatism correction, which is necessary
to obtain high-quality color images [1-5]. This is achieved even with a limited set of
optical materials that allow refractive surfaces to be produced by precision stamping [6-8].
However, the dependence of the diffraction efficiency (DE) of DOEs on the wavelength
and incidence angle of radiation has seriously hindered their widespread practical use in
such systems, specifically, the lenses of photography and video cameras in mobile devices
and mass video surveillance devices, which are produced using precision stamping of
optical plastics.

The number of optical plastics and glasses for molded optics lenses (GMOLSs) that
enable the replication of optical elements with microstructures on their surfaces by pre-
cision molding or stamping has recently expanded significantly. Consequently, we have
reconsidered the possibility of creating technological diffractive microstructures with high
efficiency for incident polychromatic radiation in given spectral and angular ranges.

In the current paper, we only considered two-layer sawtooth relief-phase microstruc-
tures, because, at present, only multilayer sawtooth microstructures can achieve the DE
uniformity required in both the spectral and angular ranges. As a result, only such a
microstructure enables the use of DOEs in optical imaging systems, and two layers is the
minimum number of layers allowed [5,8-13].

In this work, we consider only two-layer sawtooth relief-phase microstructures, since
at present only multilayer sawtooth microstructures make it possible to achieve the required
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level of homogeneity both in the required spectral and angular ranges. As a result, only
such a microstructure allows the use of DO in optical imaging systems, and two layers is
the minimum allowable number of layers [5,8-13].

2. Research Method

The dependence of the DE on the angle of incidence and wavelength was estimated
within the framework of rigorous diffraction theory by solving a system of Maxwell
equations with appropriate boundary conditions using rigorous coupled-wave analysis
(RCWA) [14]. We have taken into account that when evaluating by the RCWA method, the
modulus of the negative angle of incidence on the microstructure |1y | and the positive
angle of incidence \p (see Figure 1a) lead to the same decrease in DE. Therefore, we used
the smallest corners of [y | and Pp as the maximum allowable angle, ¥, as suggested
in [15,16].
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Figure 1. Two-layer single-relief (a) and double-relief (b) microstructures made of optical materials with refractive indices

7’11(7\) and 7’12(?\).

In the calculations, we assumed that radiation in the visible spectral range
(0.4 <A <£0.7 um) falls on the microstructure in air from the side of the medium with
refractive index 71 (A) and the angle ¥ is measured from the normal to the substrate.

The assessment of the optimal depth of microstructure relief and the maximum allow-
able incidence angle of radiation clearly depends on the choice of an appropriate criterion.
When an optical element with a diffractive microstructure will be used in a spectral device
or imaging optical system in which the diffraction of radiation into side orders is undesir-
able at any wavelength in the operating spectral range, the criterion proposed in [16] is a
good choice. According to this criterion, the depth of relief is considered optimal if it pro-
vides the maximum possible range of incidence angles of radiation in the selected spectral
range within which the minimum DE does not fall below the minimum permissible value,
which is equal to 95% of the maximum DE value at normal incidence (see Equation (1)):

Q = n}(i‘li\l/},min/n}(;li\f/;?l)ax Z 0.95 (1)

This value ensures not only the absence of a halo, but also the absence of any other
visually observable negative effects of side diffraction orders on the quality of the image
formed by an optical system with a diffractive element. This criterion has been successfully
used in a number of studies (see, for example, [17]). Note that the maximum allowable
incidence angle of radiation (i.e., the angle ¥ for which Q > 0.95) depends not only on
the microstructure materials, but also on the ratio of its spatial period to the optimal relief
depth, P = A/hopt.
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The optimal relief depth and the maximum limiting angles of incidence of radiation
on the microstructure were obtained using the MC Grating computer program [18], which
implements the RCWA method.

3. Results of the Study of Single-Relief Microstructures

First, we present the results of a study of the sawtooth two-layer single-relief mi-
crostructure shown in Figure 1a. Pairs of optical materials for this microstructure were se-
lected from a database that included 47 optical plastics presented in the catalogs ANGSTROM-
LINK, ZEON, MISC and APEL of the ZEMAX optical design software [19], as well as
plastics produced by Mitsubishi Gas Chemical Co. under the Iupizeta trademark [20].

In addition, the database included the optical plastic CMT. We have found informa-
tion about this material on the internet; unfortunately, however, the link was lost. The
wavelength dependence of its refractive index is given by the Schott formula:

. by M as a4 as
n(/\)\/aO‘f'al/\ +ﬁ+ﬁ+ﬁ+ﬁ (2)

where ay = 2.246238620 x 10%; a; = —1.192632600 x 10~%; a; = 1.522135810 x 1072
a3 = 7.359996230 x 10~%; a4 = —8.768597050 x 10~%; and a5 = 4.330781690 x 10~7.

The results are presented in the Table 1 as microstructures No. 2—4. For comparison,
No. 1 is the optimal microstructure composed of commercially available materials that we
proposed in an earlier work [21]. One of its layers is plastic, and the other is GMOL [22,23].
In addition, Table 1 lists microstructure No. 5, which is composed of nanocomposite
plastics [17] developed by D. Werdehausen et al. [24].

Table 1. Optimal two-layer single-relief microstructures.

No.

Optical Materials

Refractive Indices of =~ Abbe Number of the = Optimal Relief Depth Limiting Angle of

the Materials Materials hopt, um Incidence 1, Deg
. AL-6263/ 1.631926/ 23.3281/ ;‘gig }3'? ZE g = ;8f
M-LACS8 1.713001 53.9383 7290 215at P =30
28.130 12.0 at P =10;
2 CMT/K26R 11551345%0131/ 3;%86136481/ 27.740 19.0 at P = 20;
’ ’ 27.440 23.0atP =30
28.755 13.0 at P =10;
3 CMT/F52R 11'55131%0131/ 3586%176281/ 28.340 20.0 at P = 20;
’ ’ 27.950 245atP =30
A EP7000/ 1.651006/ 21.4946/ e e
D-LAF82L 1.734852 48.7823 7,045 225 at P = 30
Nanqcomposﬁe: ITO 1.604429/ 10,0150,/ 324 at P =10;
5 in PMMA/ 1771782 58.8174 3.200 40.5 at P = 20;
diamond in PMMA ' ’ 445at P =30

The calculated DE dependence on the angle of incidence at various wavelengths for
microstructures No. 3 and No. 5 is shown in Figures 2 and 3, respectively. Unlike the SDT
method, the calculation of the DE using the RCWA method accounts for Fresnel losses
caused by the reflection of radiation off one or two reliefs.

Table 1 and Figure 3 shows that among the pure plastic structures, only that made of
CMT affords limiting incidence angles of radiation on the microstructure that are compara-
ble to those of microstructure No. 1. Indeed, the removal of this plastic from the database
dramatically degraded the achievable characteristics of the microstructures. Unfortunately,
optical plastics with a dispersion formula similar to that of CMT plastics are not included
in any commercial catalog and are no longer found on the internet.
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Figure 2. The calculated DE dependence on the angle of incidence for microstructures No. 3 of Table 1. At A = 0.4 um (1); at
A =0.55pum (2); At A =0.7 um (3). (a—c) correspond to P = 10, P = 20 and P = 30.

The number of glasses that can be used to fabricate diffraction elements by precision
molding or stamping has also significantly expanded recently; therefore, after CMT was
removed from the database, we replaced it with GMOL glasses. It should be noted here
that GMOL glasses are still less viable for manufacturing than plastics.

In the microstructure design, 1 of 47 plastics was selected for one layer, and 1 of 165 glasses
was selected for the other layer. The optimal combinations obtained in this way are
presented in Table 1 as No. 4. The limiting incidence angles of radiation for this hybrid
microstructure are clearly comparable to those of purely plastic microstructures, including
those using CMT.

In addition, the limiting incidence angles of radiation of all the microstructures dis-
cussed above are worse by at least a factor of two than that of nanocomposite microstructure
No. 5. In addition, microstructure No. 5 maintains the limiting angles given in Table 1 even
when the spectral range is expanded to 0.8 pm.
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Figure 3. The calculated DE dependence on the angle of incidence for microstructures No. 5 of Table 1. At A = 0.4 um (1); at
A=0.6 um (2); At A = 0.8 um (3). (a—c) correspond to P = 10, P = 20 and P = 30.

It should be emphasized that the results presented above again confirm the well-
known requirement for pairs of materials for two-layer single-relief microstructures: the
material with the higher refractive index should also have a larger Abbe number [25,26].

4. Results of the Study of Double-Relief Microstructures

For two-layer double-relief microstructures (Figure 1b), the opposite requirement
is imposed on the dispersion characteristics of the materials; that is, the material with a
higher refractive index should have a lower Abbe number [16]. Consequently, even the
most widely used optical plastics, polymethylmethacrylate and polycarbonates, can be
used to obtain a microstructure with very good characteristics (No. 1 in Table 2). Please
note that for double-relief microstructures, the parameter P is defined as P = A/ (hy + hy).
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Table 2. Optimal two-layer double-relief microstructures.

. . Optimal Relief Depths, um Limiting Angle of
No. Optical Materials Refractive Inc.hces Abbe Numl?er of P p Incidence
of the Materials the Materials I hy
1 P, Deg

. PMMA/ 1.491756/ 57.4408/ 15.10 ﬂ gg ;é ZI 1; - igf
POLYCARB 1.585470 29.9092 11.67 105 at P = 30
) E48R/ 1.531170/ 56.0438/ 1630 g’gg 172'3'5ft1;:_12%,
POLYSTYR 1.590481 30.8669 13.68 145 at P = 30
6.27 7.5at P =10;
3 E48R/EP7000 1156351110%06/ 5261(;49:186/ 8.79 6.28 12.5at P =20;
’ ’ 6.28 14.0atP =30
,  F48R/ITOin 1531170/ 56.0438/ - ;;2 1‘81? Ztﬁ - ;8
PMMA 1.604429 10.0150 326 223 at P =30

By an extended search of a database including 47 optical plastics, we found an entire
group of double-relief microstructures with limiting incidence angles of radiation similar
to those of previously investigated microstructures No. 1 and 2. The optimal microstruc-
ture from this group, which is characterized by the largest maximum limiting angle, is
presented in Table 2 as No. 3. However, the limiting incidence angles of radiation on
these microstructures are approximately 1.5 times worse than those of nanocomposite
microstructure No. 4. The calculated DE dependence on the angle of incidence at various
wavelengths for microstructures No. 3 and No. 4 is shown in Figures 4 and 5, respectively.
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Figure 4. The calculated DE dependence on the angle of incidence for microstructures No. 3 of Table 2. At A = 0.4 um (1); at
A =0.55 um (2); At A = 0.7 pm (3). (a—c) correspond to P = 10, P = 20 and P = 30.
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Figure 5. The calculated DE dependence on the angle of incidence for microstructures No. 4 of Table 2. At A = 0.4 um (1); at
A =0.55pum (2); At A =0.7 um (3). (a—c) correspond to P = 10, P = 20 and P = 30.

5. Discussion

Several papers have been published recently that focused on the DE of diffractive
microstructures [5-8,12,13,27]. However, papers focusing on both the spectral and angular
dependence of the DOE within the framework of rigorous diffraction theory are virtually
absent, except for our own previous publications [15-17,21].
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We believe that the results presented in Sections 2 and 3, due to the RCWA method,
reliably describe the currently achievable limiting angular characteristics of two-layer
microstructures. These results indicate that all of commercially available today optical plas-
tics do not significantly increase the limiting angular characteristics previously published.
Progress can be ensured thanks to new optical plastics, especially nanocomposites, which
will open up the possibility of effective use of DOEs in wide-angle optical systems.

Discussing the presented results in more detail one should dwell on two points:

e  Everything we could find about CMT plasticis included in this paper. The abbreviation
CMT is also taken from the internet. The dispersion formula of this plastic is almost
ideal for a plastic two-layer single-relief microstructure. Moreover, we hope that the
developers of this plastic, having read our paper, will receive an additional incentive
to continue working on it.

e As follows from Tables 1 and 2, in the overwhelming majority of cases, at the same
P, the smallest angle ¥ corresponds to microstructures with the greatest relief depth,
while the maximum angle of incidence ¥ corresponds to microstructures with the
smallest relief depth. One of the reasons for this phenomenon is the screening of
radiation by vertical surfaces of the relief at an oblique incidence of radiation. The
effect will be greater when the relief is deeper, and this will lead to a smaller maximum
allowable angle Y.

It should be noted that various ways of accounting for the effect of screening due to
the real depth of relief have been proposed even within the framework of the scalar theory
of diffraction [27]. However, even in this case, the reliability of scalar results is significantly
inferior to the results obtained using the framework of the rigorous theory of diffraction.

6. Conclusions

Let us summarize the main results of the study. An increase in the number of commer-
cially available optical plastics did not provide new possibilities for the design of two-layer
single-relief microstructures for polychromatic radiation in the visible range. However,
the situation could change dramatically when plastics with a dispersion formula similar
to that of CMT appear on the market. In this case optical elements suitable for mobile
devices and video surveillance devices will be supplemented by DOEs with three types
of microstructures: purely plastic single-relief and double-relief structures and hybrid
single-relief microstructure composed of plastic and glass. Finally, the development of
industrial production of nanocomposite optical plastics will open the possibility of the
effective use of these diffractive elements in wide-angle optical systems.
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