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Fabrication and characterization of a binary
diffractive lens for controlling focal distribution
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We fabricated a binary diffractive lens to control focal distribution, such as intensity distribution, by controlling
the focal length and depth of focus. The results revealed changes in the focal length and depth of focus as a func-
tion of changes in the ring zone interval A R at the end of the lens. Similar results were obtained from experiments.
The peak position on the optical axis shifts further away from the lens. The half-width in the propagation direction
increases with the A Rj;. These results demonstrate the possibility of controlling the focal distribution using single

flatlenses by changing the periodic structure.
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1. INTRODUCTION

The application of laser beams can be utilized in various fields
such as communication, recording, processing, and measure-
ment, owing to their high directivity. Thus, optical elements for
controlling laser light have attracted significant research atten-
tion. Optical lenses, such as convex lenses and axicon lenses, are
often employed to arbitrarily control the distribution of laser
light by refraction.

The focal length of a lens is a function of its refractive index
and radius of curvature. Cylindrical or ring-shaped beams can
be obtained by focusing a laser beam with an axicon lens. A wide
variety of beam patterns can be generated through a combina-
tion of lenses. When a laser beam is incident on a convex lens, all
the light is focused at a single point. In contrast, the wavefront
of a laser beam transmitted through an axicon lens is given by
a conical surface, with the propagation axis given by the axis of
rotational symmetry. A region of high light intensity is gener-
ated through interference on the propagation axis. In addition,
axicon lenses have a high depth of focus. It is not necessary to
implement exact control of the focal length for axicon lenses;
their depth of focus is controlled by the size of the apex angle of
the conical surface.

Obptical lenses are difficult to downsize owing to the presence
of curvatures. In contrast, the focal length of diffractive lenses
is independent of the refractive index and radius of curvature
and can be controlled by the structure formed on the surface
of the lens. Thus, diffractive lenses have a greater degree of
freedom for controlling the focal length than optical lenses.
Furthermore, because diffractive lenses do not have curva-
tures, they can be made thinner than optical lenses. Moreover,
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they can be fabricated with materials in the ultraviolet region
[1]. In this paper, we focus on diffractive lenses in this study.
Because diffractive lenses can be fabricated using electron-beam
lithography, their manufacture is relatively easy to transfer to
nanoimprint technology for mass production and for scaling
up to the fabrication of large-area structures. Furthermore, it
is possible to produce diffractive lenses with thicknesses of the
order of a single wavelength.

Diffractive lenses were first developed as a zone plate by
Soret [2]. To improve the efficiency of diffraction of light, kino-
forms were developed by Lesem ez al. [3,4]. Subsequently, the
development of multilevel diffractive optical elements with
a step-shaped cross section led to the development of binary
optical elements based on computer-aided design and large-area
integration technology [5]. With the structure of multilevel
gratings, obtaining optical effects similar to those of kinoforms
is possible [6,7]. A subwavelength structure equivalent to a blaze
structure was proposed by Lalanne ez a/. [8,9], making it pos-
sible to create a lens structure by converting a Fresnel lens into
a binary subwavelength structure. In addition, this structure
makes it possible to fabricate achromatic diffractive lenses [10].

Previously, we fabricated two types of binary diffractive
lenses for controlling the light distribution of light-emitting
diodes (LEDs): a binary diffractive convex lens for focusing
LED light [1,11] and a binary diffraction concave lens for dif-
fusing LED illumination [12]. Because these lenses contain
several submicrometer structures, it is necessary to use electron-
beam lithography technology for their fabrication [1,11,12].
Generally, photolithography and nanoimprint technology
are recommended for large-area, low-cost mass production.
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However, we employed electron-beam lithography to obtain a
targeted optimum structure because it does not require a mold
or mask.

In laser processing, it is difficult to drill to a high depth at
a high aspect ratio with nanometer-order diameters using
short-wavelength lasers such as higher-order harmonic YAG
lasers, which have typical wavelengths of A = 532 nm, 355 nm,
etc. This is attributed to the difficulty in controlling the focal
length and the depth of focus through the curvature radius of
the convex lens or the apex angle of the axicon lens. We designed
and fabricated a diffractive lens structure that functions as both
a convex lens and an axicon lens on one flat substrate. We call
this lens a binary diffractive lens for controlling focal distribu-
tion, indicating that it is an optical element with a focal length
and depth of focus that can be controlled simultaneously. We
simulated and measured the light distribution of the designed
structure to confirm the simultaneous control of the focal length
and depth of focus.

Axicon lenses with a binary diffractive structure have been
previously reported [13-17]. In most previous studies, the
focal length of the axicon lens is proportional to the square of
the zone radius. However, our proposed structure is the first
to our knowledge to function as a hybrid of both a convex
lens and an axicon lens on the same substrate by combining
a diffractive grating and a diffractive lens. The focal length
and depth of focus can be controlled by the phase shift of the
first-order diffraction light based on the phase shifts of the
diffractive grating and diffractive lens, which are proportional
to the zone radius and the square of the zone radius, respectively.
Furthermore, most previous studies have primarily focused
on the simulation and design of axicon lenses; however, herein
we conducted both simulations and experiments. This lens
structure is expected to be suitable for obtaining fine drilling
patterns for laser processing owing to the accurate control of the
focal length and depth of focus.

Theoretically, a Fresnel lens with a sawtooth structure is
used to achieve a first-order diffraction efficiency of 100%.
However, to prepare a sawtooth structure, the dose amount
for electron-beam lithography needs to be changed gradually.
Moreover, setting such conditions for electron-beam lithog-
raphy is extremely difficult. When approximating a sawtooth
structure and binarizing it, it can be regarded as equivalent to
a sawtooth-shaped refractive index distribution, and it is easy
to prepare a binary diffractive lens. By using the features of a
binary diffractive lens [18,19] broadband focusing [20], dual
focusing [21], and optical vortices [22] can be realized. Recently,
metalenses, obtained using metal or dielectric metasurfaces,
have been fabricated for realizing various devices [23,24].

In this study, we propose a binary diffractive lens for con-
trolling focal distribution. We notice the phase shift of the
first-order diffraction. For most diffractive lenses, the phase
shift, which is proportional to the square of the ring radius, is
used to focus the incident light on the focal point. However, this
method provides only a fixed light focusing characteristic. Our
proposed method is a combination of diffractive grating and a
diffractive lens, which are proportional to the ring radius and
square of the ring radius, respectively. Changing the structure
of the lens causes a change in the phase shift, focal length, and
depth of focus. Therefore, the focal distribution (intensity
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Fig.1. Schematic diagram of the fabricated lens.

distribution) can be controlled from diffractive lenses to axicon
lenses. With this method, if a quadratic polynomial can be used
to express the phase shift and other functions of the ring radius,
various focal characteristics can be realized.

In this paper, we present our work on the fabrication and
characterization of a binary diffractive lens for controlling
focal distribution using the phase shift expressed by a quadratic
polynomial of the ring radius.

2. DESIGN AND SIMULATION
A. Design Method

We designed a binary diffractive lens with a controllable focus
based on an ideal Fresnel diffractive lens that employs both grat-
ing and diffractive lenses. Figure 1 shows schematic diagrams
of the cross-sectional and top views of the designed lenses. This
structure is based on the Fresnel lens and comprises binary struc-
tures. Details of the method of conversion from the Fresnel lens
structure to the binary structure can be found in [11,12]. In this
figure, the annular zone interval A R; at the center of the initial
zone interval and the annular zone interval A R, at the terminal
position, representing the Mth zone of the lens, are independent
variables used in the simulation, where R, is the radius of the
lens. The wavelength of the incident light is A = 532 nm. The
height of the lens / can be expressed as follows:

Ao

(b TP M

where 7 is the refractive index of the lens medium. This is equiv-
alent to the phase difference in the height direction adjusted to 7
to eliminate the zeroth-order light.

The phase shift of the first-order diffractive light produced by
our proposed lens structure was calculated for a given set of inde-
pendent parameters: A Ry, A Rps, Rinax, and Ag. Its dependence
on thezone radius r is given by the following relation:

$a(r) = kolar + br°), )

where ky = A¢/27 denotes the wavenumber. The lens in Eq. (2)
combines diffractive grating and diffractive lens. The first term
represents the phase shift of the first-order diffractive light for
the diffractive grating, whereas the second term represents the
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phase shift for the diffractive lens. The coefficients 2 and 4 are
determined by ARy, ARy, R, and Ag. The mth zone ring
radius r,, is satisfied by the following equation representing the
phase difference in the radial direction adjusted to 27:

Ga(rm) = 27wm. (3)
From Egs. (2) and (3), 7, is obtained as follows:
—a + Ja? + 4bmhg
2b '

The annular zone interval A7, is expressed as follows:

V'm =

(4)

Aryy =7m — Tm—1- (5)

From Eq. (5), AR, = Ary and A Rys = Ar . For M, the maxi-
mum value of 7, ¢4, is satisfied with the following equations:

2
ba(Rar) = A—”(aRM+ bRy =27 M, ()
0

aRy+ bR, = M. (7)
Similarly, for M — 1,
RM71=RM_ARM’ (8)

2
bu(Ryr1) = A—”(aRMfl + bRy = (M~ Do, (9)
0

a(Ryr— ARuy) + b(Ryy — ARy)?> = (M — Dro.  (10)

Taking the difference between Egs. (6) and (7), the coefficient of
b is obtained as follows:

aARy+bQ2Ry - ARy — ARyP) = o, (11)

)»() — dARM

= . (12)
ARy 2Ry — ARy

Conversely, in the center part, the diffraction condition is
as follows:

2. 2
bu(r) = A—”wl) - A—”(aAR» —or. (19
0 0
a= AR (14)

Because of diffraction limitation, ARy, is greater than the
wavelength of incident light. In contrast, AR; is not made so
large as to prevent the transmission of the zeroth-order light in
the lens structure. The relationship between the phase shifts,
¢4 and 7, is shown in Fig. 2(a). From Eq. (2), the phase shift of
the grating structure becomes increasingly linear as 7,, increases.
Conversely, the phase shift of the diffractive lens structure
increases parabolically as 7, increases. These phase shifts are
summed to yield the phase shift of the designed binary diffrac-
tive lens as shown in Fig. 2(a). The center part of the binary
diffractive lens structure resembles a grating structure, while the
outer part resembles a diffractive structure.
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Fig. 2. Relationship between the zone radius and the phase of the
first-order (a) diffraction and (b) focal length.

The light path difference from the annular zone of P, and
P,,_1 for r,, and r,,_1, respectively, is consistent with Eq. (15).
Therefore, the focal length f,, for the annular zone interval
A7, =7, — 1y is obtained from Eq. (17). The focal length
for each annular zone, determined using Eq. (17), is ascertained
using 7,,, 7,—1, and Ag. However, the focal depth depends on the
value of 4 as shown in Eq. (12), and the value of 4 is determined
using Ry, ARy, ARy, and dg. The values of Ry, ARy, and
ARy are determined; following this, all the structures in the
lens are determined. Therefore, the focal length and the depth of
the focus are not independently determined. Figure 2(b) shows
the relationship between the focal length and zone radius. When
ARy =8 pum, the focal length is almost constant (6.8 mm)
in the outer zone radius. Conversely, when AR =15 um
and 20 pum, the focal length gradually increases with the zone
radius. From these results, it can be inferred that the effect of the
diffractive lens is stronger for small values of A R 3

Pm_Pm—lz}"O’ (15)

Fu+7m)? = (fn + rme1) = Ao, (16)

1
fm = ﬁ\/(”m2 - rm_12)2 - 2)‘02(sz + rm—lz) + )\04~ (17)
0

B. Simulation Results

We performed simulations using the three-dimensional fast
Fourier transform beam-propagation method (FFT-BPM)
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Fig. 3. Schematic diagram for (a) placement of lens and aperture
and (b) example of the simulation result.

in MATLAB. This method involves solving the Helmholtz
equation in paraxial approximation. Figure 3(a) shows the
results of a three-dimensional simulation with the following
parameters: AR; =30 um, ARp =15pm, Ao =532nm,
and Rj =500 um. An aperture with a diameter of 1 mm
was attached to the surface of the diffractive lens as shown in
Fig. 3(a). We used a plane wave for the incident light. BPM
simulation was performed for lens positions from x = —0.5
to 0.5 mm as indicated in Fig. 3(b) (AR =15 um). The
simulated lens was then observed to produce a strong intensity
of propagation up to a distance of z=12.8 mm at x =0 mm
by focusing. Beyond z=12.8 mm, at x =0 mm, the inten-
sity rapidly decreases. In contrast, before z=12.8 mm, the
intensity increases gradually with z at x = 0 mm. This effect is
due to Fresnel diffraction at the edge of the aperture. Detailed
distributions in the z direction at x =0 for different ARy,
(ARp =38, 15, and 20 pm) are shown in Fig. 4(a). As shown
in Fig. 3(b), there are strong peaks in the intensity distribution
for each parameter ARy, and the intensity distribution is
left—right asymmetrical. For example, for ARy, =15 pm, the
peaks are found at 12.8 mm. This is the focal point of the lens.
Between z=0 mm and z=12.8 mm, the intensity gradually
increases with z owing to the effect of Fresnel diffraction at
the edge of the aperture. These peaks attributed to the Fresnel
diffraction are shown in Fig. 3(b). These peaks are not observed
in Fig. 4(a) because they are significantly weaker than the other
peaks (A Ry = 8 and 20 pum). Similar results are obtained for
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Fig. 4. Simulation results for the (a) z direction (x =0) and
(b) x direction.

ARy = 8and 20 um. With increasing A Ry, the peak position
is shifted further away from the lens. When AR); =8 pm, a
sharp peak is obtained. From these results, for ARy = 8 pum,
the effect of the diffractive lens dominates that of the diffractive
grating; thus, a sharp peak was obtained at 6.8 mm. However,
for ARy =15 and 20 pum, the effect of the diffractive grating
increases gradually; hence, wider distributions are obtained in
the z direction. Figure 4(b) shows the intensity distribution in
the x direction for z =15, 10, 20, and 30 mm. For z=5 and
10 mm, one peak is obtained on the optical axis.

However, for z=20 and 30 mm, two peaks are obtained
outside of the optical axis. The intensity of z= 20 and 30 mm
is very weak; hence, the intensity distributions shown were
magnified 10 times.

3. RESULTS AND DISCUSSION
A. Fabrication and Characterization

The substrates used were made of 1 mm thick quartz glass.
Prior to spin-coating the electron-beam (EB) resist, hexam-
ethyldisilazane (HDMS) was spin-coated on the surface of the
quartz glass substrate to improve the adherence between the
substrate and EB resist. The surface was spin-coated with an
EB-positive resist (ZEON, ZEP-520A), after which prebaking
was performed. Subsequently, charge-up prevention treatment
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Fig. 5.  Schematic diagram of the optical measurement in the
(a) x direction and (b) z direction using a knife edge.

Fig. 6.

SEM images of the (a) center and (b) edge regions.

was spin-coated on the EB resist. The electron-beam lithogra-
phy (EBL) system (Crestec CABL-8000) was equipped with
a ZtO/W thermal field-emission cathode. The acceleration
voltage was 30 kV; electrons accelerated at this voltage were able
to penetrate the resist. After exposure, the resist was developed,
resulting in the binary diffractive lens. The size of the pattern
for the binary diffractive lens was 1.0 x 1.0 mm?. Diffractive
lenses fabricated by EBL with optimal characteristics, such as
period, width, and height, are essential for fabricating the molds
for thermal-type nanoimprintlithography.

Optical characteristics, such as the distribution of far-
field transmitted intensity, were measured with a green laser
(A =532nm) in the x direction and z direction as shown in
Fig. 5. In the x direction, the knife-edge method was used to
clearly measure the light distribution. A 1000 pm diameter
pinhole was attached to the surface of the lens to align with the
center of the lens to ensure that the incident light illuminates
only the lens region. The resolutions for the x and z directions
are 0.02 and 0.25 mm, respectively.

B. Experimental Results and Discussion

Figure 6 shows scanning electron microscope (SEM) images of
both the center and edge of the prototype. The design values
were AR =30 um and A Ry, =15 um, while the measured
valueswere A Ry =29.9 pmand A Ry, = 15.0 um, confirming
the precision of our fabrication process. In addition, lenses
with design values of AR); =8 um and ARy =20 pm were
fabricated. The film thickness of the resist was measured using a
noncontact film thickness monitor as 555 nm.
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Fig. 7.  Experimental results for the (a) z direction (x =0) and
(b) x direction (AR,, = 15 mm).

A green laser with a beam diameter of 1.2 mm was used as
the light source to measure the light distribution. The measure-
ments in the z direction involved attaching a 50 pm pinhole
to the photodiode. Figure 7(a) shows a superimposition of the
intensity distributions in the z direction for three lenses with
ARy =20, 15, and 8 um. Two peaks were observed in the
asymmetric profile, similar to that obtained in Fig. 3(c). The
peaks at 16.4, 12.0, and 7.0 mm represent the focal points of
the fabricated lens for ARy, =20, 15, and 8 pm, respectively.
The peak shifts further away from the lens as A R, increases.
This result suggests that the focal length depends on A Rys. The
other peaks are considered to be due to the Fresnel diffraction of
the aperture. In the knife-edge method, the knife was placed in
a plane perpendicular to the optical axis, and the intensity was
measured while the knife was moved 10 mm in the x direction.
As the system for measuring the light distribution is an integral
system, the actual spatial intensity distribution can be obtained
by differentiating with respect to the displacement of the knife.
The measurements were performed by changing the distance
between the knife and the lens to z=5, 10, 20, and 30 mm.
Figure 7(b) shows the intensity distribution of the sample in
the x direction (A Rp; =15 um). For all structures, the mea-
surement results are consistent with the peak position of the
simulation results.

From these results, it is considered that these intensity dis-
tributions, which are asymmetric spectra in the z direction, are
formed by the overlapping of the peaks due to light focusing
of the diffractive lens and Fresnel diffraction of the aperture.
The former peak position can be controlled by the structure
of the lens as shown in Fig. 2(b). For AR,, = 8 um, the peak
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position is nearly constant because of the nearly constant phase
distribution; thus, a sharp peak was obtained. Conversely, for
AR,, =15 and 20 pm, the peak position is gradually changed
by the diffraction of each structure; thus, a broad peak can be
obtained because the phase shift is gradually varied by the ring
radius. In Fig. 7(a), two peaks are present, which correspond to
the peak and shoulder in Fig. 4(a). The peak is the focal point
of the lens, while the shoulder arises from Fresnel diffraction
of the edge of the aperture. Therefore, we have confirmed
that the intensity distribution on the optical axis can be real-
ized by changing the structure of the lens. Because of the peak
that resulted from Fresnel diffraction, the full width at half-
maximum cannot be obtained. A method to eliminate the peak
due to Fresnel diffraction needs to be studied in the future.

4. CONCLUSIONS

We realized a binary diffractive lens that can control focus distri-
bution through phase shift achieved with a diffractive lens and
diffractive grating. The lens structure was simulated using the
three-dimensional FFT-BPM method. We investigated changes
in intensity distribution along the z axis with respect to changes
in the ring zone interval A Ry at the end of the lens. Our mea-
surement results confirmed a strong intensity at x =0 mm.
With increasing A Ry, the peak position at x =0 mm shifts
further away from the lens. These results demonstrate that the
intensity distribution on the optical axis could be controlled
with a single flat lens by changing the periodic structure of
the lens. We fabricated the lenses in this study by developing
EB resist as a proof of concept; however, to apply the lenses
to practical laser processing, lenses made of SiO; glass need to
be fabricated using the dry etching process. Furthermore, to
fabricate a lens for UV light from sources such as an excimer
laser (A =248, 193, and 157 nm) and fourth- or fifth-order
harmonic YAG laser (A = 266 and 213 nm), finer patterns less
than 1 wm in dimension are needed.
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