
Miniaturized structured illumination microscopy
with diffractive optics
GUOXUAN LIU,1,† NING XU,1,† HUAIDONG YANG,1,2 QIAOFENG TAN,1,3 AND GUOFAN JIN1

1State Key Laboratory of Precision Measurement Technology and Instruments, Department of Precision Instrument, Tsinghua University,
Beijing 100084, China
2e-mail: yanghd@tsinghua.edu.cn
3e-mail: tanqf@mail.tsinghua.edu.cn

Received 7 December 2021; revised 20 March 2022; accepted 20 March 2022; posted 21 March 2022 (Doc. ID 450799); published 29 April 2022

Structured illumination microscopy (SIM) is an advanced microscope system that provides superresolution
capability with excellent imaging speed, which has become a practical tool for live-cell imaging. However,
the bulky size is blocking the application of SIM in wider study fields and scenarios. Here, we developed a minia-
turized SIM (Mini SIM) system that provided periodic illumination using a diffractive optical element (DOE) for
the first time. This optimized phase-only DOE generated the two-dimensional sinusoidal illumination by optical
Fourier transform with an illuminating objective lens, which substantially simplified and miniaturized the
illumination system. We built up a Mini SIM prototype and demonstrated lateral superresolution imaging
of fluorescence beads and A549 cell slides. The proposed Mini SIM greatly simplifies the experimental setup
and may lead to important applications in bio-imaging. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.450799

1. INTRODUCTION

Structured illumination microscopy (SIM) is a superresolution
technique that provides non-invasive fluorescence imaging with
resolution beyond the diffraction limit by shifting the unresolv-
able high-frequency spectrum to the detectable region in the
Fourier domain using periodic illumination [1]. It has become
a popular tool for live-cell imaging benefiting from its high im-
aging speed, moderate illumination intensity, and compatibility
with most fluorescence labels [2–4]. The superresolution ability
of SIM originates from the periodic pattern used for sample
illumination. The resolution of the SIM is determined by
the spatial frequency f 1 of the illumination patterns and the
maximum spatial frequency f 0 of the system, and f 0 �
2NA∕λem is determined by the average observed emission
wavelength λem and numerical aperture (NA) of the imaging
objective lens. Generally, the maximum measured spatial
frequency is stretched from f 0 to f 1 � f 0 to realize superre-
solution and because f 1 cannot exceed f 0, the ultimate theo-
retical resolution limit becomes 1∕�2f 0� [5,6].

To obtain periodic illumination patterns in SIM, a com-
monly used method was interference. The interference beams
generally came from the different diffraction orders while
modulating the incident light using different modulators, in-
cluding a liquid crystal spatial light modulator [4], digital
micro-mirror device (DMD) [7–9], and grating [1,10].
Some studies showed that SIM can be compactable and port-
able based on interference patterns [11,12]. In addition, various

techniques were also proposed to obtain periodic illumination
patterns in SIM other than interference. One was projecting the
periodic pattern loaded on an LED-illuminated DMD to the
sample plane of the microscope [7]. Moreover, spot arrays or
multifocus spots were also used in SIM to realize simultaneous
3D imaging [13–17]. However, these existing SIM systems
were always bulky and were for research use only. For example,
the size of the illumination setup in a commercial Nikon-SIM
system is about 550 mm × 300 mm × 350 mm [18], not suit-
able for those applications sensitive to the mobility and cost of
equipment, such as point-of-care testing [19–21]. Although a
SIM method based on a photonic chip was proposed recently
with dramatic system compactness [22], only total internal
reflection fluorescence SIM imaging can be achieved, which
was unfortunately incapable of most intracellular studies.
Furthermore, the multifocal phase mask can be used to replace
the tube lens of a conventional microscope to establish the
miniaturized system, albeit with the diffraction-limited resolu-
tion [23].

Actually, diffractive optics is another good choice for
obtaining two-dimensional periodic patterns but has not been
considered in SIM yet. Benefiting from the flexibility of modu-
lating the phase of beams, phase-only diffractive optical ele-
ments (DOEs) have been developed to generate various
complex light fields, of which the point spread function
(PSF) and spatial frequency can be customized, with the co-
operation of a wide range of geometries and corresponding de-
sign methods, such as the Toraldo concept [24], analytical
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method [25,26], and iterative algorithms to realize PSF engi-
neering [27–29]. In addition, spot array generation techniques
also have powerful built-in capabilities to enable parallel,
i.e., faster imaging [30] and widefield imaging [31]. In SIM,
obtaining periodic illumination patterns with a spatial fre-
quency high enough is the key factor to achieve high-resolution
imaging. However, DOEs have not been exploited to achieve
two-dimensional sinusoidal structured illumination to meet the
requirement for SIM with superresolution imaging.

Here, we proposed a SIM method assisted with diffractive
optics, named miniaturized SIM (Mini SIM). An optimized
phase-only DOE was applied to generate a two-dimensional
sinusoidal pattern for structured illumination. The employ-
ment of the DOE substantially miniaturized the illumination
system of Mini SIM to 57 mm × 57 mm × 145 mm, which
was about 2 orders of magnitude smaller than that of the
existing commercial SIM [18], while the maximum incident
light efficiency can reach 84% in theory. We built up a Mini
SIM prototype that used the DOE to generate a 40 × 40 sinus-
oidal spot array (37 μm × 37 μm) to demonstrate the lateral
resolution beyond the diffraction limit. In a superresolution im-
age of fluorescence beads, the average size of a single bead was
396� 28 nm, while the size in the widefield image was
633� 34 nm. Superresolution imaging of A549 (adenocarci-
nomic human alveolar basal epithelial) cells also showed ob-
vious resolution enhancement by resolving adjacent tubulins
which were 419 nm apart while the theoretical diffraction-
limited resolution was about 630 nm.

2. MINI SIM SYSTEM

The optical configuration of the Mini SIM prototype is dem-
onstrated in Fig. 1, consisting of an illumination system and an
imaging system.

In the illumination system, the 488 nm laser beam coupled
into a single-mode fiber is collimated and expanded with a re-
flective fiber collimator (RC12FC-P01, Thorlabs). After being
modulated by the DOE, the laser beam passes through the
illuminating objective lens and the diffraction field forms a

two-dimensional sinusoidal pattern for illumination of the sam-
ple, owing to the Fourier transform realized by the illuminating
objective lens. Thus, the DOE can be mounted on the illumi-
nating objective lens, greatly reducing the size of the illumina-
tion system to 57 mm × 57 mm × 145 mm. In contrast with
that of conventional SIM where the modulated plane was gen-
erally conjugated with the sample plane, this illumination sys-
tem of Mini SIM is substantially simplified and miniaturized,
as the system consists of only a few components mounted
closely.

The imaging system for raw data capturing in the Mini SIM
prototype is a commercial microscope (Ti-E eclipse, Nikon).
An imaging objective lens is used for emission light collection
and an emission filter (ZET 488/561m, Chroma) is used for
filtering out the 488 nm illumination (Sapphire 488,
Coherent). To acquire higher spatial frequency of structured
illumination, we used an illuminating objective lens
(40 × ∕0.75 NA, Olympus) with a higher NA than that of
an imaging objective lens (20 × ∕0.5 NA, Nikon).

The sample is scanned to nine (3 × 3) different positions
using the motorized microscopic stage and controller, and then
the raw images, i.e., the structured illuminated sample images,
are captured with an sCMOS (Zyla 4.2 Plus, Andor) (see
Visualization 1). The widefield image is collected under
Kohler illumination of the Nikon commercial microscope. It
should be noted that the widefield image is used for registration
with nine frames of raw images illuminated by the spot array
pattern to calculate the displacement of the sample. To guaran-
tee the near isotropic resolution enhancement over the field of
view (FOV), the scanning step size of the stage is set to 0.3 μm to
provide nearly uniform sampling over a period of sinusoidal
spot array. After capturing the raw images, the superresolution
image can be reconstructed with an iterative algorithm based on
the pattern-illuminated Fourier ptychography [32].

3. DOE DESIGN

Of particular interest for this Mini SIM prototype is the design
of the DOEs that delivers diffractive sinusoidal illumination.

Fig. 1. Mini SIM prototype. (a) Optical diagram of Mini SIM. (b) The whole Mini SIM system consists of an illumination system and an imaging
system. (c) The miniaturized illumination system of the Mini SIM system, which is installed on the pillar of the microscope.
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The resolution of Mini SIM is determined by the spatial fre-
quency of the two-dimensional sinusoidal spot array f 1 and the
maximum spatial frequency f 0 of the system. Here, we pro-
posed a practical method to design the DOE that generates
two-dimensional sinusoidal structured illumination. With that,
the DOE was fabricated on a substrate with masks and an etch-
ing process to generate the required spot arrays, enabling the
illumination quality for the miniaturized SIM prototype in
practice.

A. Custom-Made Method for Designing DOEs
Calculating the phase distribution of the DOE that generated
the desired diffraction field is essentially a phase retrieval
problem. A popular solving method to this problem is the
Gerchberg–Saxton (G-S) algorithm owing to its flexibility
[33]. Here, we proposed a modified G-S algorithm to design
the DOE in Mini SIM.

The procedure of this modified G-S algorithm is depicted in
Fig. 2(a), consisting of the following main steps.

(1) Perform Fourier transform of an estimate of the light
field distribution U �i�

in �x� � A�i�
in �x� exp�iφ�i��x�� and obtain

U �i�
out�u� � T �i��u� exp�iψ �i��u��, where A�i�

in �x� and T �i��u�
are respectively the amplitude distribution in the DOE plane
and the focal plane of the illuminating objective lens, and
φ�i��x� and ψ �i��u� are respectively the phases distribution in
the DOE plane and the focal plane; for i � 1 specially, this
estimate is the initial distribution.

(2) Replace the modulus of the resulting T �i��u� to get the
target amplitude field T �i�1��u�.

(3) Perform inverse Fourier transform of the estimate of the
light field U �i�1�

out �u� in the focal plane and obtain U �i�1�
in �x� in

the DOE plane.

(4) Replace the modulus of the resulting computed image
A�i�
in �x� by the incident modulus A�i�1�

in �x� to form a new
estimate of the light field U �i�1�

in �x� [34,35].
For insurances of accurate description of the target field,

convergence speed enhancement, and obtaining high-quality
iteration result, we made special modifications in the proposed
algorithm, which are explained in detail below.

The desired two-dimensional illumination pattern, i.e., the
square of the target amplitude field T �u� of DOE, is

I�u� �
�
1

2
� 1

2
cos�2π ~f x · ux�

��
1

2
� 1

2
cos�2π ~f y · uy�

�
,

(1)

where ~f x and ~f y are the frequency in the x and y directions,
respectively. The frequency of ~f x and ~f y will determine the
resolving power of Mini SIM. The conventional sampling in-
terval in the focal plane usually corresponds to a period of the
illumination pattern, determined by λf ∕D, where λ is the
wavelength, f is the focal length of the lens, and D is the diam-
eter of the DOE. To acquire a higher frequency of the illumi-
nation, the spot arrays should be resampled by the zero-padding
method [36,37] to reduce the sampling interval to λf ∕10D. If
we directly use Eq. (1) as the target field, the complex ampli-
tude distribution in the DOE plane will be the combination of
several delta functions, which deviates from the requirement of
the phase-only element [34,38,39]. Here, we computed the
phase distribution of the DOE beginning with a quadratic
phase distribution ψ�u� to form the initial complex amplitude
distribution in the focal plane, which is outlined by red dotted
arrows in Fig. 2(a). The quadratic phase ψ�u� is given by

ψ�u� � C1u2x � C2u2y , (2)

Fig. 2. Process flow to produce a DOE illumination. (a) Flowchart of the modified G-S algorithm for calculating phase distribution of DOEs to
realize two-dimensional sinusoidal illumination. The black arrows and the red dotted arrows indicate the iteration and the initial phase calculation,
respectively. U in�x� � Ain�x� exp�iφ�x�� and U out�u� � T �u� exp�iψ�u�� are respectively the complex field distributions in the DOE plane and the
focal plane of the illuminating objective lens, where Ain�x� and T �u� are respectively the amplitude in the DOE plane and the focal plane, and φ�x�
and ψ�u� are respectively the phases in the DOE plane and the focal plane. (b) Processes for realizing DOE and illumination: (b1) target intensity
distribution generated by Eq. (1); (b2) generating discretized phase distribution by modified G-S algorithm; (b3) converting phase distribution into
the DOE on a substrate with masks and chemical corrosion process, and the optical micrograph of the fabricated DOE can be obtained; (b4) two-
dimensional sinusoidal structure is illuminated on the sample with a laser (see Visualization 1).
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where C1 and C2 are positive constant. Propagating the light
field to the DOE plane with inverse Fourier transform can
generate the initial phase distribution φ�x�. The spherical factor
of Eq. (2) will make the DOE plane closer to phase-only
distribution.

We further modified the G-S algorithm with a more suitable
constraint by the desired field amplitude. The light field dis-
tribution in the focal plane can be expressed as

U �i�1�
out �u� � �γ

ffiffiffiffiffiffiffiffiffi
I�u�

p
� �1 − γ�T �i��u�� exp�jψ�u��, (3)

where an empirical parameter γ ∈ �0, 1� controls the relative
complex field distribution. Meanwhile, in step (2) of each iter-
ation, the amplitude field T �i��u� is replaced, adopting negative
feedback to improve the uniformity, by the target amplitude:

jT �i��u�j �
X
m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hI �i−1��u�iM
I �i−1��um�

s
× jT i�u�j, (4)

where hI �i��u�iM ≈ �1∕M �PM
m�1 I

�i−1��u�.
B. Verification for DOE Design
In Mini SIM, the FOV is determined by the number of spots
generated by the DOE. With the FOV getting larger, the qual-
ity of the spot array will be increasingly affected. To obtain a
large FOV with high performance, we generate a 40 × 40 sinus-
oidal spot array (37 μm × 37 μm� as the illumination pattern
in the numerical simulations, adopting 488 nm of the incident
wavelength, 0.50 of the NA of the imaging objective lens, 500
of the iteration number, and ψ�u� � 0.012u2x � 0.012u2y .
The phase distribution of the DOE is shown in Fig. 2(b2).
Figures 3(a) and 3(b) are respectively the numerical simulation
and experimental result of the spot array, with the inset showing
a magnified view of the 3 × 3 spot array. It can be seen from
Fig. 3 that there are differences of intensity variation between
simulation results and experimental results; however, the period
of the spot array is not influenced. The period (1∕f 1� of the
sinusoidal spot array is 990 nm. The efficiency of the spot array
generated by the DOE can be achieved to 61%, which is higher
than that of the DMD or projection because all orders gener-
ated by the DOE are adopted to generate the spot array rather
than some certain orders. The generated spot array deviates
from the standard sinusoidal distribution also because all orders
generated by the DOE are adopted.

To establish the illumination system of Mini SIM, we fab-
ricated an eight-step DOE by three masks and an etching pro-
cess with the pixel size of 5 μm and the detailed fabrication is
presented in Appendix B. The diameter of the DOE is corre-
sponding to the entrance pupil of the illuminating objective
5 mm, and the optical micrograph of the fabricated DOE is
shown in Fig. 2(b3), with the inset showing a magnified view
of the center of the DOE. Notably, the diameter of the DOE
should be matched with the entrance pupil to make full use of
the NA of the illuminating objective lens. There is a distance d
between the DOE and the entrance pupil of the illuminating
objective due to the fixation and assembly requirement, which
is about 23 mm in Mini SIM. Although different distances will
introduce different spherical phase factor, the analysis shows
that the system has a large enough tolerance to the distance.
When the distance d is 23� 3 mm, the intensity distribution
in the focal plane has no obvious variation, as shown in Fig. 4.
Another significant factor for sinusoidal spot arrays is almost
without spatial zeroth order, which was realized by the mature
high-precision fabrication in the Institute of Semiconductors at
the Chinese Academy of Sciences, as shown in Fig. 2(b4).

The designing and fabricating process of the DOE will pos-
sibly induce error between the ideal illumination pattern and
the practical diffraction pattern, as shown in Fig. 3. This could
result in potential artifact if using the conventional SIM
reconstruction algorithm that separates the spectrum compo-
nents with a phase-determined coefficient matrix. Thus, in
Mini SIM, we used an iterative SIM reconstruction algorithm
[32] that is more robust to illumination pattern errors. The
detailed reconstruction algorithm is presented in Appendix A.

4. EXPERIMENTAL RESULTS

A. Superresolution Imaging of Fluorescence Beads
To quantitatively testify the superresolution capability of the
Mini SIM prototype, we performed imaging of fluorescence
beads. In this experiment, the theoretical diffraction-limited
resolution was 632 nm, which was determined by the numeri-
cal aperture of the imaging objective lens (20× ∕0.5 NA,
Nikon) and the emission wavelength of the fluorescence label
(Ex488/Em518, Lumisphere). Notably, the illumination path
is switched between the widefield and Mini SIM. The widefield
resolution is determined by the NA of the imaging objective
while the Mini SIM is decided by the spatial frequency of the
spot array and the NA of the imaging objective. As the 100 nm
diameter of the fluorescence bead was negligible compared with

Fig. 3. Verification for DOE design. (a) and (b) are the numerical
simulation and experimental result of the 40 × 40 periodic pattern
under the NA � 0.75, respectively. Inset, zoomed view; scale bar,
5 μm.

Fig. 4. Influence of intensity distribution in the focal plane with
different distances between the DOE and entrance pupil of the illu-
minating objective.
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the diffraction-limited resolution, the size of a single bead can
be considered as the resolution of an image. Figure 5 demon-
strates obvious resolution enhancement by comparing the wi-
defield image of the beads with the Mini SIM image. According
to statistic data of 10 different single beads, the average size of a
single bead in Mini SIM image was reduced to 396� 28 nm
while in the widefield image it was 633� 34 nm. The 633 nm
size of the beads in the widefield image met the 632 nm theo-
retical diffraction-limited resolution well, and the much
narrower 396 nm size in the Mini SIM image proved that
superresolution imaging was achieved. The enlarged images
of region of interest (ROI) indicated that two adjacent fluores-
cence beads with a central distance of 567 nm can be resolved
in the Mini SIM image, while in the widefield image, they were
blurred and unresolvable, also proving the superresolution
capability of Mini SIM.

B. Superresolution Imaging of Fixed Cells
We also performed superresolution imaging of A549 cells using
the Mini SIM prototype to demonstrate the capability of Mini
SIM in biological imaging. In this experiment, the tubulins of
the A549 cells were labeled with Alexa 488 (Ex505 nm/
Em512 nm, Invitrogen) by the thickness of the cell side
1 mm and cover slide 0.17 mm on both sides, and the corre-
sponding diffraction-limited resolution was 625 nm, deter-
mined by the 0.5 NA of the objective lens and 512 nm

emission wavelength of the fluorescence label. According to
the results, the Mini SIM image showed better resolution
compared with the widefield image. Abundant proof of reso-
lution enhancement can be found [see Figs. 6(a) and 6(b),
lower right], where adjacent tubulins were resolved in the
Mini SIM image and were mistaken for thick branches in
the widefield image. The Fourier spectrum of the Mini SIM
image was expanded compared with that of the widefield image
[see Figs. 6(a) and 6(b), upper right], which also proved the
enhancement of resolution. For quantitative analysis, intensity
profiles of both the Mini SIM and widefield images along the
selected line are plotted in Fig. 6(c). Gaussian fitting indicated
that the Mini SIM prototype was capable of resolving adjacent
tubulins with 419 nm distance between their centers, demon-
strating resolving power beyond the 625 nm theoretical
diffraction-limited resolution.

5. DISCUSSION AND CONCLUSION

We developed a Mini SIM superresolution system that
used a DOE for two-dimensional periodic illumination for
the first time. This diffractive illumination strategy substan-
tially minimized the size of SIM, getting SIM prepared for
wider application fields and scenarios. We built up the Mini
SIM prototype using a custom-made designed DOE that gen-
erated a two-dimensional sinusoidal spot array. Although the

Fig. 5. Imaging results of fluorescence beads. (a) Widefield image of fluorescence beads and enlarged ROI (lower right) in the boxed region.
(b) Mini SIM image of fluorescence beads and enlarged ROI (lower right) in the boxed region. (c) Intensity profiles of fluorescence beads on the
selected line in (a) and (b). Scale bar, 5 μm.

Fig. 6. Imaging results of tubulins of A549 cells. (a) Widefield image of tubulins, enlarged ROI (lower right) in the boxed region, and Fourier
spectrum (upper right) of the widefield image. (b) Mini SIM image of tubulins, enlarged ROI (lower right) in the boxed region, and Fourier
spectrum (upper right) of the Mini SIM image. (c) Intensity profiles of tubulins on the selected line in (a) and (b). Scale bar, 5 μm.
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two-dimensional periodic spot array is not uniform, superreso-
lution can be achieved through the modified reconstruction
algorithm, and further proved the feasibility of Mini SIM by
lateral superresolution imaging of fluorescence beads and A549
cell slide.

The Mini SIM prototype is used to verify the validity of the
structured illumination realized by the DOE, and the smart
phase shifting technique, e.g., the DMD [40] or galvanometer
scanning mirror [41], will be used to replace the motorized
stage to realize high imaging speed. Here it should be men-
tioned that the spatial frequency f 1 of the illumination pattern
is smaller than the maximum spatial frequency f 0 of the im-
aging system, even though the NA of the illuminating objective
lens is larger than that of the imaging objective lens. The opti-
mization algorithm should be modified to further increase the
spatial frequency and uniformity of the two-dimensional sinus-
oidal illumination to obtain better performance. It is possible to
generate such a spot array with high spatial frequency and good
uniformity by the DOE but perhaps sacrificing the FOV [42].
Furthermore, the FOV also can be extended by stitching tech-
niques. The existing Mini SIM prototype focuses on the lateral
superresolution imaging, and no axial resolution enhancement
is achieved; the axial resolution enhancement may combine
with other techniques [23,39] in the future.

The system requires two objectives to realize superresolution
imaging at present. It is predictable to develop next-generation
Mini SIM by the reflective optical path with a shared objective
[43]. Another thing to be mentioned is that, in Mini SIM, the
sample should be placed between two cover glasses to satisfy the
working condition of the illuminating and imaging objective
lenses on both sides. Future optimized design of the sample
holder on the stage will provide better support and avoid
the potential instable problem in future imaging using oil im-
mersion objective lens.

In summary, the proposed Mini SIM may benefit the ap-
plications in wider fields and scenarios, especially for those ap-
plications sensitive to the mobility and the cost of equipment,

and it has great prospects for developing ultra-high-resolution
imaging suitable for biological or medical use.

APPENDIX A: MINI SIM RECONSTRUCTION

To reconstruct the superresolution image, we applied an iter-
ative reconstruction algorithm originated from the Fourier-
ptychographic (FP) SIM method [32]. In raw images of
Mini SIM, the sample was shifted while the illumination pat-
tern stayed immobile in contrast with that in conventional
SIM. Correspondingly, the FP SIM reconstruction algorithm
should be modified to be adapted to Mini SIM. The brief
reconstruction process was introduced below, and we also pro-
vided a flow chart of the Mini SIM reconstruction procedure
(see Fig. 7).

During data acquisition, a widefield image was captured.
We first used this widefield image for estimating the shifting
vectors of samples in the Mini SIM raw images. Here, an
intensity-based registration [44] was performed between the
widefield image and each raw image, obtaining shifting vectors
with subpixel accuracy.

Then, the iteration started. The widefield image was used as
the initial guess of the sample image and a uniform intensity
was used as the initial guess of the illumination pattern. In each
iteration, the sample image and unknown illumination were
calculated similarly to that in FP SIM [32]. However, between
two iterations, the estimated sample image was shifted accord-
ing to the shifting vector difference of the sample in the two
Mini SIM raw images, while the estimated illumination pattern
was directly used in the following iteration without shifting,
which was different from that in the FP SIM procedure.
Here, the subpixel shifting in the spatial domain was achieved
by multiplexing the Fourier spectrum of a sample image with a
complex exponential function of which the amplitude was uni-
formly distributed, and the phase was gradient distributed over
the Fourier domain.

Fig. 7. Flow chart of Mini SIM reconstruction procedure.
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After the estimated sample image converged, we stopped the
iteration and obtained a sample image with superresolution.

APPENDIX B: FABRICATION OF THE DOE

For the fabrication of the DOE, the silicon dioxide (SiO2) with
dimensions of 30 mm × 30 mm × 1 mm was chosen as the
substrate. A thin layer of photoresist (AZ6130) with a thickness
of 2.3 μm was spun onto the SiO2 substrate at the speed of
2000 r/min for 20 s, and the design phase distribution of the
DOE was fabricated via the reactive ion etching method (STS
AOE). Finally, the patterned photoresist was removed by mix-
ing sulfuric acid and hydrogen peroxide in a ratio of 1:1 as a
cleaning solution.

The binary structure (0-π) of the eight-step DOE was mea-
sured during fabrication using a step profiler (Taylor Hobson).
As shown in Fig. 8, the average depth of the grooves was
∼529 nm while the theoretical groove depth to achieve a phase
shift of π radians was

Δh � λ

2�n − 1� � 530 nm, (B1)

where n � 1.46 is the refractive index of SiO2 at a wavelength
λ of 488 nm. The mask process was operated with three times
to acquire the eight-step DOE and the same type of photoresist
and coating conditions were used in the photolithography with
the same thickness. The mixed gas of oxygen and C4F8 was
used, and the etching rate is 10 Å/s (1Å � 0.1 nm).
Reactive ion etching depth is successively reduced by half with
three times and the etching depth is correspondingly reduced
by half.
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