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An off-axis zone plate is able to focus on a single order while neglecting the zeroth order in a vis-
ible imaging system. This allows one to enhance the contrast quality in diffractive images, which is the
major advantage of this type of zone plate. However, most previous reflection zone plates are used in
focusing X-rays with a small grazing incident angle and are intricately designed with the use of a local
grating period. In this study, we suggest the design of an off-axis elliptical zone plate (EZP) that is used
to focus a monochromatic light beam with separation between the first and unfocused orders under a
large grazing incident angle of 45°. An assumption using the total grating period, which depends on the
average and constant grating period, is proposed to calculate the desired distance between the first and
zeroth order and to simplify the construction of a novel model off-center EZP. Four diffractive optical
elements (DOEs) with different parameters were subsequently fabricated by direct laser lithography and
then verified using a performance evaluation system to compare the results from the assumption with

the experimental results.
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I. INTRODUCTION

Visible light imaging has numerous applications in vari-
ous fields in both science and daily life, such as quantitative
imaging of human skin in microscopy [1], large-aperture
telescopes [2], and digital devices [3-5]. In medicine in
particular, imaging systems using visible light enable one to
recover visual information, which contains more data than
X-rays or ultrasound waves [6]. Therefore, visible light
focusing has become an essential research topic in recent
years.

An elliptical zone plate (EZP) [7-9] is widely used to
focus visible light in organic light-emitting diodes (OLEDs)
[10, 11] and liquid-crystal displays (LCDs) [12] when the

incident beam and diffraction beam are not on the same
axis. The purpose of such a plate is to maintain a circular
zone plate shape [13], with the advantage of avoiding the
light reflected from the plane and returning back to the light
source. However, this type of zone plate causes all of the
diffraction orders to be superposed, leading to contrast deg-
radation of the image quality [14].

To address this issue, reflection zone plates [15-17],
which consist of only part of the EZP far from the center,
were developed and fabricated in previous studies. How-
ever, most prior models were used for X-ray focusing with
a small grazing incident angle below 20° and depended on
the distance between the source and the zone plate. There-
fore, these types are not feasible for use with visible light
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imaging systems, which require a relatively wide field of a? kA 5
view. Moreover, the designs of these zone plates used the f (2)

local grating period, which involves more complicated cal-
culations and manufacturing processes.

In this study, an off-axis EZP, which is used to focus
monochromatic light with a large grazing incident angle
and that has the ability to divide the first order from the ze-
roth order, is proposed and fabricated by direct laser lithog-
raphy given the advantages of this technique, i.e., markless
alignment and a flexible movement system [18-20]. This
type of zone plate is able to be applied in imaging systems
using a miniature target or laser plasma [21]. An assump-
tion that relies on the total grating period, consisting of the
average and constant period, for calculating the first-zeroth
order distance is suggested. This design and assumption are
experimentally verified on the focal plane using an optical
evaluation system.

I1. DESIGN OF REFLECTIVE
ELLIPTICAL ZONE PLATE

Current EZPs are used to concentrate a parallel beam
when the incident beam is not perpendicular to the surface
of a zone plate. The structure of this zone plate is a se-
quence of elliptical gratings; it is expressed as [7]

(o) +(52)
a, cos a an
where a, =, [nA(f cos’ U+% / cos’ ¢ and b, = nd sin ./ 2

cos’ q.

The elliptical shape of the nth zone is centered at the ori-
gin with a width of 2a, cos « and height of 2a,. As shown
in Fig. 1, a beam source with a wavelength of 4 is illumi-
nated onto the EZP at incident angle o and concentrates the
light at the distance of the focal length f, given by

2

=1, (1)

llustration beam

= - I}
kAlcos?a 4cos?a

where a, is the half width of the first zone and k is the dif-
fraction order. This demonstrates the influence of the fo-
cused order on the focal length, which leads to a decrease in
the contrast in the diffractive image when the superposition
outcome of all orders occurs [21]. This is the main weak-
ness of prior EZP types. To deal with this issue, only an off-
center quarter part of the EZP was used to focus an image.
This new type of EZP was able to separate the first orders
from the zeroth order spot, allowing the user to eliminate
unfocused background noise from the diffractive image of
the first order, which results in an enhancement of the con-
trast and thus an improvement in the image quality.

In this study, we investigated the design of the off-axis
EZP with a desired distance from the first to the zeroth or-
der. In Fig. 1, because the plane wave is not perpendicular
to the grating normal to the central infinitesimal part of the
EZP on the rectangular border, the regular grating equation
could be used:

d(cosa —cosB) = A. (3)

Here, d is the grating period, and 3 is the grazing diffraction
angle at the first order. After using trigonometric formulas,
the distance h between the first and the zeroth order was
defined as

h = ftan [cos‘1 (cos a-— g) - a]. (4)

Instead of computing the local grating period, which is
complicated for an off-axis design, as in previous papers,
we suggest a simple method by which the total grating pe-
riod d that is applicable in visible light is calculated. Two
types of grating periods and how they affect the total period

Range of zone number

FIG. 1. Scheme of an off-axis elliptical zone plate (EZP) design.
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are discussed.

The first is the average grating period. We consider a
case with large number of zones, where the widths of the
zones closest to the outermost areas are approximately
equal. The average period grating in such a region is de-
fined by

dy = M ©)

where d, is the average grating period and a,, and a, are
correspondingly the first zone and the outermost zone, and
M is the number of slits.

The second type is referred to as the constant grating
period [22]. When the EZP was small compared to the focal
length, the semi-major axis of the EZP was approximated
as a, =/nif / cos «. Here, we proceed to convert the coor-
dinate system of the original EZP from (x; y) to (a% ). As
illustrated in Fig. 2(b), the transmission function of the EZP
was similar to that of the traditional transmission grating,
whose grating period was defined as

d, = 2a% cos a, (6)

where d, is the constant grating period and a, is the semi-
major height of the first zone. The total grating period
depends on the average and constant periods; thus, an as-
sumption pertaining to the total grating period of the off-
axis EZP was brought forth:

Here, A and B are coefficients determined experimentally.
The design parameters of the off-axis EZP consisted of
the focal length f, grazing incident angle «, average grat-
ing period d, and constant grating period d,. After defining
these values, the design of the off-axis EZP with the desired
distance between the first and zeroth order was created for
a certain wavelength A.

@)

I11. FABRICATION PROCESS

Direct laser lithography using a thermal chemical tech-
nique [23] was applied to manufacture the off-axis zone
plate. This process included two main steps. First, the laser
source with a wavelength of 488 nm was directly exposed
to the chromium layer of the specimen that moved in a
zigzag motion, as shown in Fig. 3(a). To avoid the ablation
phenomenon, the distance between two adjacent points was
adjusted in the range of 1.8 pum, as described in Fig. 3(b).
The measurement results obtained by a commercial white-
light scanning interferometer are shown in Figs. 3(c)-3(e).
Finally, the specimen was dipped in an etchant solution of
K;Fe(CN)s and NaOH to remove the remaining chromium
and retain the part of the previously written pattern. To
compare and verify this proposed assumption, four new
off-axis EZPs, which were designed with the same grazing
incident angle o = 45° and wavelength A but with different
focal lengths and ranges of zone numbers, were fabricated,
as defined in Table 1.

IV. PERFORMANCE VERIFICATION

To evaluate the four proposed off-axis EZP with differ-
ent focal lengths, a Basler charge-coupled device (CCD)
camera with 659 x 494 pixels was put on a linear stage
with a length of 200 mm, which allowed the CCD camera
to move to the desired focal position, as presented in Fig.
4. At the zero position of the stage, there is an adjustable
angle plate that keeps the EZP specimen at an angle of 45°
in the direction of the incident light beam. A He-Ne laser
head was used to emit the source beam with a wavelength
of 632.8 nm and diameter of 1500 um, and this beam went
through a beam expander before being directed to whole
surface of the off-axis EZP pattern. First, diffractive opti-
cal elements (DOE) 1 and 2 were placed on the adjustable
angle plate, after which the CCD camera was pulled to the
position of 80 mm on the linear stage to observe the diffrac-
tive image. Next, we replaced these specimens with DOE

a?cosa

oL 2

iafcosa .. aicosa

2n |

n
d 2d 3d.5d a
(b)

FIG. 2. Transmission function of elliptical zone plate (EZP) in the (a) (x; y) and (b) (a*; a) coordinate systems.
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1.8 pm

(e)

Ablation phenomenon

(b)

FIG. 3. Fabrication scheme and results: (a) specimen moved in a zigzag motion, (b) photographic view of an EZP, (c) measurement
results of diffractive optical elements (DOE) 1, (d) DOE 2, (e) DOE 3, and (f) DOE 4.

TABLE 1. Design parameters of the four different diffractive

optical elements (DOEs)

Type Focal Length f (mm)|Range of Zone Number
DOE 1 80 5t0 20
DOE 2 80 9to 24
DOE 3 80 21to0 40
DOE 4 120 5t0 20

3 and the distance from the object to the CCD camera was
adjusted to 120 mm.

Figure 5 presents diffraction images of these off-axis
EZPs. The first orders with full width half maximums of
49.5 um, 39.6 um, 29.7 um, and 59.4 um corresponding
to DOE 1, DOE 2, DOE 3 and DOE 4, respectively, were
separated from the background order. Moreover, the ef-
ficiency of these EZPs was approximately 6%, which was
acceptable for an amplitude binary zone plate with mea-
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FIG. 4. Configuration of the experimental evaluation system.
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sured efficiency from 1% to 10% [24]. It demonstrates the
clear focusing ability of the newly designed off-axis EZP.
The distance between the first and zeroth order of these
EZPs is shown the experimental results, where four differ-
ent equations with two variables are devised by adding all
of the parameters to Eq. (4). After solving the pairs of equa-
tions, the coefficients A and B, which were well fitted to the
four equations, were chosen, as defined in Table 2. Next,
the percent difference between the experimental results and
the calculation results was computed to be 2.7%. This in-
dicates that the percentage difference between the two sets
of results is small when the results are compared together.
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FIG. 5. Diffraction images of (a) diffractive optical element (DOE) 1, (b) DOE 2, (c) DOE 3 and (d) DOE 4.
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TABLE 2. Results of the first-zeroth order distance of four diffractive optical elements (DOEs) and fitting coefficients

DOE 1 DOE 2 DOE 3

DOE 4 A B

Percent Difference

h=58.7 um h=72.5 um h=128.7 um

h=79.0 um

16.792 —3.406 2.7%

Hence, the experimental results are in good agreement with
the hypothetical results.

V. CONCLUSION

In this research, a quarter EZP was designed and fab-
ricated by direct laser lithography. This proposed model
is feasible for use with a visible imaging technique with a
large grazing incident angle of 45° and can focus the first
order beam without the overlap of the zeroth order one.
This is the major advantage compared to previous EZP
types. An assumption using the total grating period to cal-
culate the distance between the first and unfocused order
was demonstrated. In particular, the total grating period was
found to depend on the average and constant period. Four
EZPs with different focal lengths and off-center distances
were verified using a performance evaluation system. The
percent difference between the experimental results and the
designed values was found to be small enough at less than
3%.
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