Magnification and resolution of microlenses with different shapes
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In this reported work, three types of microlenses, the whole microsphere solid lens (W-SL), the melted microsphere solid lens (M-SL) and the
microsphere solid lens semi-immersed in SU-8 resist (S-SL), have been fabricated from mircospheres with a diameter of 2.87 um. Their
imaging properties on the nanosphere arrays with diameters of 280—-600 nm were experimentally studied. It was found that the shape of
the microlens plays an important role in the imaging properties. The imaging resolution of the S-SL is the best as more high Fourier
components of the object can be coupled into the lens, while the magnification (~2.0x) of the M-SL is the largest.

1. Introduction: Optical microscopes are the most commonly used
imaging tools. However, an object of 300-400 nm is difficult to be
observed under an optical microscope, because of the limitation of
the Abbe diffraction limit. To observe smaller objects, non-lens
based approaches have been developed, such as scanning electron
microscopy (SEM), atomic force microscopy (AFM), scanning
near-field optical microscopy (SNOM) and so on. Recently,
researchers have observed that super resolution imaging can be
obtained by spherical microlenses [1-17]. The features of
microlenses for magnifying and resolving nano-objects have also
been studied [4-16]. A TiO, colloid with a diameter of 2 um has
been successfully used for single molecule imaging [13].
Near-field infrared imaging with a micro-fabricated solid
immersion lens has been studied [11]. Near-field focusing and
magnification through nanoscale hemispherical lenses have been
studied by Lee et al. [14] Wang et al. [8] have experimentally
demonstrated that silica microspheres with diameters in the range
of 2-9 um can observe the stripes of a blu-ray disc with a
traditional optical microscope. The magnified virtual image has a
sharper contrast when the microscale spherical lens is
semi-immersed in liquid as has been demonstrated by Hao et al.
[16]. Lee et al [18] have also reported that larger PS
microspheres of 30, 50 and 100 um can overcome the diffraction
limit in optical imaging. Vlad ef al. [19] have discovered that the
magnification and field of view (FOV) can be affected by the
shape of the microlens. However, how the shape of the microlens
affects the FOV, magnification and resolution of whole
microsphere solid lens (W-SL), the melted microsphere solid lens
(M-SL), and the M-SL semi-immersed in SU-8 resist (S-SL) have
not been studied systematically.

In this Letter, we study the imaging properties of different-shaped
microlenses. The three microlenses studied are the W-SL, M-SL and
microsphere solid lens S-SL. We find that the W-SL cannot resolve
280-600 nm nanosphere arrays. The magnification of the M-SL is
the largest among these three microlenses, about 2.0x. Moreover,
the image resolution of the S-SL is the best among these three micro-
lenses. We consider that the lager numerical aperture (NA) of the
S-SL plays an important role in its high image resolution. The
FOV also depends on the shape of the microlenses.

2. Experimental procedure: The schematic of the experimental
setup is shown in Fig. la. Self-assembled polystyrene (PS)
microsphere arrays were used as the image objects (samples). The
diameters of the microspheres used in this experiment are 280,
305, 400 nm and 600 nm, respectively. The detailed fabrication
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process of these samples was described in one of our previous
publications [20]. The samples were put under a Leica
microscope, and the reflected images of the PS microsphere
arrays though a wavelength microscale lens with different shapes
were observed and recorded by a 100 x (NA =0.9) microscope
objective with a charge-coupled device camera with the pixel
number of 2048 x 1536. The Rayleigh resolution limit for point
objects is 366 nm (r=0.61 A/nNA); here 1 =540 nm, n=1, and
NA=0.9 [21]. When a SU-8 layer is coated on top of the
objects, the Rayleigh resolution limit can be calculated as 0.61 A/
nNA =229 nm for point objects; n=1.6 is the refractive index of
the SU-8. Therefore, the four kinds of objects (280, 305, 400 and
600 nm) observed are all beyond the Rayleigh resolution limit
when we used the S-SL. Fig. 15 shows the SEM image of a type
of self-assembled PS microsphere array. The diameter of the PS
microsphere was 305 nm in this sample. As shown in Fig. 15, the
microspheres are hexagonally close-packed. The detailed
fabrication procedure of the substrates can be found in [22].

Fig. 2 shows the SEM images of the three different microlenses.
As shown in Fig. 2a, the diameter of the W-SL is 2.87 um. Fig. 2b
is the image of the M-SL. This microlens was obtained when a
2.87 um PS microsphere was melted for 30 min on a hot plate.
The SEM image of the S-SL is shown in Fig. 2¢. Its detailed fabri-
cation process can be also found in [20]. To study the optical
imaging properties of the three microlenses with different shapes
we used them to observe the objects fabricated with different
sized microspheres.
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Figure 1 Schematic representation of experimental setup

a Schematic of experimental setup

b SEM image of a self-assembled PS microsphere array; diameter of
microsphere is 305 nm

Scale bar is 200 nm
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Figure 2 SEM images of the three microslenses with different shapes
a W-SL

b M-SL

¢ S-SL

Scale bar is 1 pm

3. Results and discussion: Figs. 3a—c exhibit the images observed
by the three microlenses of an object fabricated with 280 nm
microspheres while Figs. 3d—f are the images of an object
fabricated with 305 nm microspheres. Figs. 3a and d show that
there are no images observed by the W-SL. Figs. 3b and e
illustrate that the images are quite blurred when observed by the
M-SL; the image in Fig. 3e is a little clearer than the one in
Fig. 3b. Figs. 3¢ and f indicate that the image observed by the
S-SL is sharper and obvious. The magnification factor M of the
two objects are ~1.64x. Obviously, the number of microspheres
of the images in Figs. 3b and e is less than that in Figs. 3¢ and f.
The resolution and FOV of the S-SL is much larger than that of
the M-SL. As shown in Figs. 35—, the obtained resolution and
FOV strongly depend on the morphology of the microlenses.
Because the virtual images in Figs. 35 and e are not clear, the
magnification cannot be calculated. To obtain a more in-depth
study on the magnification and resolution, we used these different
three microlenses to observe another two larger objects.

Fig. 4 shows optical images of the three different microlenses on
an object fabricated with 400 nm microspheres. There is also no
image observed by the W-SL, as shown in Fig. 4a. However,
Fig. 4b shows that a virtual image can be clearly observed by the
M-SL and M is ~2.01%. As shown in Fig. 4¢, two virtual images
are formed, image (c;) which is clear and image (c,) which is blur-
ring; M is ~1.83x and ~2.86x for the clear and blurring images,
respectively.

To further analyse the imaging behaviours of the three different
microlenses, their imaging properties on a larger object are also
studied. Fig. 5 displays images of the three microlenses on a
sample fabricated with 600 nm microspheres. Fig. 5a shows no
virtual image observed by the W-SL, while a very blurring real
image is formed above the W-SL. Fig. 5b indicates that the

Figure 3 Optical images of the three microlenses with different shapes on
two objects

a, d Optical images of the W-SL

b, e Optical images of the M-SL

¢, f Optical images of the S-SL

a—c The objects we observed were fabricated from 280 nm PS microspheres
d—f The objects we observed were fabricated from 305 nm PS microspheres.
Scale bar is 2 um

352
© The Institution of Engineering and Technology 2015

[

Figure 4 Optical images of the three microlenses with different shapes on
object fabricated from 400 nm microspheres

a Optical image of the W-SL

b Optical image of the M-SL

¢ Optical images of the S-SL and two virtual images are formed

Scale bar is 2 pm

virtual image is clearly observed by the M-SL, M being ~1.93x.
Fig. 5c¢ shows that there are also two virtual images formed
(image (c;) is clear and image (c,) is blurring), M being ~1.72%
and ~2.65x% for the clear image and the blurring image, respective-
ly. The relative experimental results are summarised in Table 1.
Our experimental results indicate the following. (i) All these dif-
ferent sized microspheres (280—600 nm) cannot be resolved by the
W-SL. (i) For the M-SL, the object cannot be observed clearly until
its size is 400 nm, and the magnification is the largest. (iii) Different
sizes of microspheres with the range of 280-600 nm can all be
resolved by the S-SL and the image is clear and bright. (iv) The
resolution and FOV of the S-SL is both the best and the largest.
To analyse these results, the frequency spectra of the images in
Figs. 3—5 were calculated by Fourier analysis, and are also shown
in the insets of the Figures. The low-frequencies located at the
centre and the high-frequencies at the corners. The frequency
spectra of the images through the M-SL show that they mainly
have small lateral wave vector Fourier components. The situations
of the S-SL are complex. The frequency spectra of optical images
of the S-SL on a small object indicate that they mainly have large
lateral wave vector components. And the frequency spectra of the
big objects’ images also show that the blurred images have a very
large proportion of small lateral wave vector components, while
the clear images have more large lateral wave vector components
than the blurred images. The resolution of the S-SL is best although
its experimental magnification becomes smaller than the M-SL’s.
We propose that the resolution of the S-SL is high, because the

Figure 5 Optical images of the three microlenses with different shapes on
object fabricated with 600 nm microspheres

a Optical image of the W-SL

b Optical image of the M-SL

¢ Optical images of the S-SL and two virtual images are formed

Scale bar is 2 pm
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Table 1 Experimental magnification of the images

Microspheres, M-SL S-SL
nm
Clear Blurred Clear Blurred

images images images images
280 none none 1.64x% none
305 none none 1.64x% none
400 2.01x none 1.83x 2.86x
600 1.93x none 1.72x 2.65x

more large lateral wave vector enters into the S-SL. In a previous
study [19], the conclusion is that the imaging property of the half
melted micolens is best among the whole microlens and other
microlenses which are obtained from different melting times. Our
experimental results indicate that the imaging resolution property
of the S-SL is best among these three different microlens (W-SL,
M-SL, S-SL).

The focal plane of the object space from the centre of the micro-
lenses (F) of these microlenses is calculated by computer simulation
technology (CST). CST is a commercial finite-different time-
domain program that can achieve the exact solution of the
Maxwell’s equation. Studies have also shown that the calculation
results obtained from CST conform to the actual situation [20,
23]. F of the M-SL obtained from CST is 1.01 um. The magnifica-
tion is ~1.86x. It is obtained by using the paraxial ray-tracing for-
mulae, M =f/(f+ ), where fis the focal length of the microlens, and
[ is the length between the centre of the micolens and the object.
When the microlens is close to the samples, / is equal to —d/2 (d
is the diameter of the microlens).

We think it is that the terajet promotes the resolution of the M-SL
[24]. However, the S-SL has two F calculated by CST. The shorter
one is 2.21 pm, the other is 6.73 pm. The calculated magnification
is ~2.85x and ~1.27x, respectively. Based on the calculated mag-
nification, it can also be seen that the experimental M of the M-SL
matches well with the magnification calculated by using F obtained
from CST. Moreover, the magnification of the clear images
observed by the S-SL does not match with the magnification calcu-
lated by the geometrical optics, therefore we consider that it is that
super resolution works (large lateral wave vector components). Our
previous studies have demonstrated that experimental magnification
of the blurring images observed by the S-SL is very close to the cal-
culated magnification [20].

The super resolution performance of the S-SL is remarkable, and
the FOV of the S-SL is the largest among these three microlenses.
The dotted red lines in Fig. 6 represent the objective aperture angle.
6,, 6, and 6, are half of their objective aperture angle. It is well
known that the Rayleigh resolution limit for the point objects is »
(r=0.61 A/nNA), NA=n xsina, n is the refractive index of the
medium, and « is half of the objective aperture angle. The larger
the NA, the higher is the image resolution. In our experiment, »n
is 1, 1 and 1.6 for the W-SL, M-SL and S-SL, and 6,<6,<86,,
NA_,<NA, <NA,, and the calculated results indicate that rvw_g; >
rm.sL > Fs.sL. Therefore, the resolution of the S-SL is the highest
among the three microlenses. The dotted black curves in Fig. 6
demonstrate the FOV of the microlenses. They indicate that the
interface area between a W-SL and a sample is the smallest
among the three lenses, hence the FOV of the W-SL is also smal-
lest. The smaller is that of the M-SL, and the FOV of the S-SL is
the largest. By analysing the wave vector propagation as shown
in Fig. 6, we can find that the larger the interface area, the more
wave vectors can enter into the microlens. We propose that a
large FOV of the S-SL plays a positive role in improving its reso-
Iution. Few microspheres’ information waves can be coupled into
the W-SL, which can explain why microspheres with diameters
between 280—-600 nm cannot be observed by the W-SL. In addition,
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Figure 6 CST simulation results

a—c Light propagation of the three microlenses
a W-SL

b M-SL

¢ S-SL

A =540 nm

by studying the magnification and F calculated by CST, we can find
that the closer the distance between the microlens and the object, the
greater the magnification. We believe that the larger magnification
of the M-SL is associated with this theory.

4. Conclusion: In summary, the resolution of the S-SL is the best
among the three microlenses, although the M is smaller than that
of the M-SL. We have demonstrated that the FOV of the S-SL is
largest among the microlenses. By investigating the properties of
these microlenses we find that the property of the S-SL is the best
in the micro optical imaging field among these three microlenses.
The shape of the S-SL plays an important role in the super
resolution.
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