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. By eliminating the spherical aberrations of microsphere we derived a simple but useful formula on

. the focusing of dielectric microsphere. On basis of this formula, not only can researchers determine

. the parameters of an optical microsphere system with super-resolution, but they can also perform

: parameter transformation. In order to facilitate the application, the principle of parameter

. transformation was summarized into three kinds of case listed in Table 1, which were all demonstrated

. numerically with concrete examples by finite-difference time-domain method. This formula will
be conducive to the development of applications based on microsphere, such as photonic nano-jet
lithography, microsphere nano-scope.

. Microspheres have recently attracted numerous attentions in the field of super-resolution due to its sub-diffraction
. focusing size and magnification of objects ahead of it'~7, and have been used in nano-scale imaging®°, nano-scale
. lithography'® !! etc. The physical mechanism of sub-diffraction focusing size of microsphere is that microspheres
. have naturally negligible spherical aberrations (SAs) and high numerical aperture (NA) when the refractive index
. ratio (RIR) between the microsphere and its surrounding medium and the radius of microsphere are designed
: properly'2. Before wide-ranging applications in practice, however, two significant issues still should be resolved:

(i) How to determine the set of parameter of an optical microsphere system to focus the incident beam at the
shadow side of microsphere;

(ii) How to obtain the same resolution (normalized to the wavelength in surrounding medium) as before if one
or more parameters are altered, i.e., performing parameter transformation without changing the resolution
of microsphere system.

As for these issues above, few literatures concern about them. The super-resolutions by means of microspheres
reported were mostly obtained with either fixed wavelength (e.g., the resolution of X\/17 in ref. 9 with the illu-
: mination wavelength of 408 nm) or specific surrounding medium (e.g., the resolution of \/7 in the ref. 13 with
: the microsphere immersed in isopropyl alcohol). Authors did not show whether the same resolution could be
. achieved if other light source was used or the microsphere was immersed in other liquid, and how to make it.
Here, the present article aims to resolve the above issues. According to the imaging theory, low SAs and high
: numerical aperture (NA) are two preconditions of high resolution of microsphere!* !>. In our model, the focusing
: property of microsphere with radius in the range from n, * \; to 1.4 * n, * \, (n, and A are the refractive index of
. surrounding medium and illumination wavelength in free space, respectively) mainly depend on SAs; NA only
© makes a small effect to the focusing property of microsphere, because NA is very small (<0.1s,). Thus, the only
approach obtaining high resolution in our model is eliminating SAs of microsphere. As reported in ref. 12, micro-
- spheres possess positive and negative SAs; the positive SAs is inversely proportional to RIR, while the negative
. SAs s closely related to the wavelength-scale dimension of microsphere; hence, we offset SAs by adjusting RIR
and the radius of microsphere. Once SAs are well eliminated the incident beam will be focused at the shadow side
of microsphere, and the highest resolution is achieved for the microsphere system. More importantly, a simple
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Figure 1. Schematic of a microsphere illuminated by optical needle with width of 0.43X,.
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Figure 2. The electric intensity distribution (a,b) before and (c,d) after compensation of SAs. (b,d) are the
electric intensities along the center line (i.e., y=0) in (a,c), respectively. The parameters for calculation are:
n,=1.34,n,=2.67 (a,b), n,=1.57 (c,d), r= 1.5 pm and Xy = 0.69 pm. White curves indicate the front and rear
edge of microsphere. Note that the electric intensity is normalized to unity.

but useful formula among the refractive index of surrounding medium, the illumination wavelength, the radius
and refractive index of microsphere was derived. On the basis of this formula, not only can researchers design
an optical system of microsphere with high resolution, but they can also perform parameter transformation to
the existing microsphere system, which will be conducive to applications based on microspheres, such as micro-
sphere nano-scope®, photonic nano-jet lithography!!.

Results
In this paper, ray tracing method and finite-difference time-domain (FDTD) method are used. First, it is neces-
sary to indicate that the validity of ray tracing method in dealing with the imaging of small-Fresnel-number sys-
tem with radius X\ < r < 10X has been proved theoretically'®!” and experimentally's. As reported in ref. 16 that for
nonconventional system, defined as with characteristic dimension \ < r < 10, the results obtained by ray tracing
approach are in excellent agreement with electromagnetic theory (see Table 1 in ref. 16), and the same thesis was
obtained by ref. 18 in the experimental investigation of imaging of circular aperture with wavelength-scale radius.
In our model, the optical needle with width of 0.43X,, which is generated by tightly focusing of a radially polar-
ized Bessel-Gaussian (BG) beam with a combination of a binary-phase element and a high-numerical-aperture
lens'®-?!, was used as illumination source. As shown in left panel of Fig. 1, the optical needle is incident on micro-
sphere from left to right, i.e., along x axis. The radius and refractive index of microsphere are r and n,, respec-
tively. 8,, 0, are incident angle and refraction angle, respectively, satisfying Snell’s law: n,-sinf, = n,-sinf,. The
surrounding medium has refractive index of n,. Obeying the ray tracing process, to focus the incident ray at the
shadow-side point B, the following relationship can be extracted:

n, = 2n,; cos(0.215\,/2r) (1)

where the value in bracket is in radian unit. Equation (1) reveals that, to focus the incident optical needle at the
shadow-side point B, the refractive index ratio between the microsphere and its surrounding medium should not
be larger than 222,

In vector diffraction theories, the focal shift occurs in the optical system with small Fresnel number (FN)
and the shift cannot be predicted by the classical vector diffraction theory of Richards and Wolf* because of the
invalidation of Debye approximation for small-Fresnel-number optical system?, and so does the optical system in
the present article. Here, we defined the numerical aperture of microsphere as NA = n, * sina (see right panel of
Fig. 1) just like ref. 12. Taking advantage of simple geometrical relationship presented in right panel of Fig. 1, we
had a=2 (6, — 6,), and NA ., = n, * sinoy,,, for focusing at shadow side of microsphere. For legible illustration,
we took a microsphere with radius r=1.5pm immerged in water (i.e., n; = 1.34) as an example. Substituting r,
n;and X\, (=0.69 pm) into eq. (1), the refractive index of microsphere can be figured out as n, =2.67. Then, we
had sinf; =0.215X/r =0.0989, sinf, = n, *sinf,/n, = 0.0496, NA ., = 0.133. The electric intensity distribution
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Figure 3. Electric intensity distribution around the microsphere immerged in (a) deionized water, (b) air,

(c) cedar wood oil. The radii in (a—c) are 1 um, 1 pum and 1.5 pum, respectively, and the electric intensity is
normalized respectively to unity. (d) The transverse curves at the maximum value of electric intensity for (a—c).
The horizontal axis is normalized respectively to the wavelength in surrounding medium, the same for the
following.
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Figure 4. (a) Electric intensity distribution around the microsphere immerged in deionized water. The system
parameters are: \o=0.405 pm, r=0.587 um, n, = 1.34, n, = 1.56. (b) The transverse curves at the maximum
value of electric intensity in Fig. 3(a) (blue) and in Fig. 4(a) (magenta).

in xy plane is plot in Fig. 2(a), and for better visualization we also plot the electric intensity along the center line,
i.e, y=0, in Fig. 2(b), from which it can be seen that the focus of incident needle is clearly shifted into the micro-
sphere, about 0.843 jum away from the shadow side of microsphere, i.e., geometric focus.

To compensate the negative SAs, positive SAs should be enhanced. According to ref. 12, microsphere with
smaller RIR has larger positive SAs (see Fig. 2 in ref. 12); we expect that properly small RIR will compensate the
negative SAs. Therefore, the refractive index of microsphere should be reduced; eq. (1) can be modified as follow:
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Figure 5. (a) Electric intensity distribution around the microsphere immerged in deionized water. The system
parameters are: \o=0.690 pm, r=1.34pm, n, = 1.34, n, = 1.57. (b) The transverse curves at the maximum value
of electric intensity in Fig. 3(b) (magenta) and in Fig. 5(a) (blue).

Laser Surrounding Microsphere Microsphere
Notes wavelength index index radius
Original parameters No n, n, r
I MNe* n ny nr
I No nn,? nn, nr
I N nn;? nn, onr

Table 1. Principles of parameter transformation by eq. (4). “Denotes active parameter, others are passive
parameters.

n, = 2n, c0s(0.2151/2r) — A (2)

where A is the corrected value for enhancing positive SAs. Here, we determine the corrected value A by using
FDTD method, which can represent the real physical scene as long as the space and time steps are fine enough
and the simulation area is not too large. In FDTD Solutions (a commercial software), we determined the rela-
tionship between focal shift S and 1, by setting zero spherical aberration as target value and the refractive index
of microsphere (i.e., n,) as variable, finding that when the refractive index of microsphere n, equals to 1.57 the
system possesses the smallest focal shift, near zero. That is, it is 1.57 the refractive index of microsphere 7, gets
that the incident optical needle is actually focused at the shadow-side point B. Thus, the corrected value is found
to be 1.1 for above example (i.e., microsphere with radius = 1.5 um immerged in water) when SAs are well elimi-
nated. The electric intensity distribution in xy plane after SAs compensation is shown in Fig. 2(c), and the electric
intensity along the center line in Fig. 2(d). In fact, the underlying physical mechanism for compensating SAs by
reducing RIR is understandable from Snell’s law: for microsphere with fixed radius and surrounding medium
(i.e., 0, and n, are unchangeable), the smaller #, is, the larger 0, is, i.e., the nearer the focus to the shadow side of
microsphere is. Note we use the same definition of spherical aberration for microsphere as did in ref. 12.

By comprehensive analysis we found that if we define i = X\,/r as the relative aperture of microsphere eq. (2)
can be written as follow:

n, = 1.34(2 — (0.215h/2)* — 0.825) (3)

where cosx &~ 1 — x?/2 was used for small value x. In eq. (3) the first two terms are the contribution of negative
SAs that is an even function of relative aperture k and the last term is the contribution of positive SAs. Note that
only primary SAs is taken into account for negative SAs. Another important fact is that the corrected value A is
proportional to the refractive index of surrounding medium (e.g., 1.34 in above example), and the scaling factor
is 0.825. That is, eq. (3) could be generalized to any surrounding medium by replacing 1.34 with the refractive
index of surrounding medium n,, such as free space, cedar wood oil, and deionized water and so on, i.e., the gen-
eralized formula can be expressed as:

n, = n,(2 — (0.215h/2)* — 0.825) (4)

The physical mechanism behind the generality is that if the refractive index of surrounding medium is scaled
by m (i.e., n; —mn,), the refractive index and radius of microsphere should be scaled by the same factor n (i.e.,
1, — Mny, r— r). Thus, the corrected value should be scaled by the same factor 1 to ensure that the relative
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Figure 6. (a) Electric intensity distribution around the microsphere immerged in water. The system parameters
are: \y=0.405pum, r=0.786 um, n, = 1.34, n,=1.57. (b) The transverse curves at the maximum value of electric
intensity in Fig. 3(b) (magenta) and in Fig. 6(a) (blue).
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Figure 7. (a) Electric intensity distribution around the microsphere immerged in water. The system parameters
are: \y=0.69pum, r=1.515pm, n, = 1.515, n,=1.77. (b) The transverse curves at the maximum value of electric
intensity in Fig. 3(b) (magenta) and in Fig. 7(a) (blue).

aperture h and RIR remain unchanged, keeping the balance between the positive and the negative SAs. More
detailed explanation will be given in parameter transformation of the Discussion section. we would like to point
out that the eq. (4) is effective with the microsphere radius in the range from n, * X\, to 1.4 *n, * X, larger radius
will break the balance between the positive and negative SAs and the corrected value A is no longer constant but
a function of radius.

Discussion

In practical application, if one or more parameters are changed due to some restricted condition, how to deter-
mine the values of the remaining parameters without changing the system resolution. Here, eq. (4) will tell us the
answer. To better illustrate the function of parameters transformation of eq. (4) Table 1 is given below. Normally,
the issue of parameter transformation can be divided into three kinds case: I the illumination source and micro-
sphere radius are altered while the surrounding medium remains unchanged; II the surrounding medium, the
refractive index and radius of microsphere are changed while the illumination source remains unchanged; III all
four parameters in eq. (4) are altered.

For case I, if the illumination wavelength is scaled by 1 (i.e., N\ — MX,), the microsphere radius has to be scaled
by the same factor n (i.e., r — mr) to ensure that the incident beam is still focused at the shadow side. For instance,
the illumination wavelength in above example is not 0.690 um but 0.405 pum (i.e., 1=0.587), and this is often the
case for fluorescence microscope. Here, we call the illumination wavelength )\, as active parameter, which has to
be changed due to some restricted condition, and the microsphere radius r as passive parameter. The underlying
physical mechanism is understandable according to eq. (4) that if the illumination wavelength X, and the micro-
sphere radius r are scaled by the same factor m, then the relative aperture 4 in eq. (4) remains unchanged and so
does RIR (i.e., n,/n,); the negative and positive SAs are not changed because they are related to relative aperture h
and RIR, respectively; the SAs of microsphere after transformation is still well compensated and eq. (4) is satisfied.
Thus, the incident beam will be focused at the shadow side.
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Figure 8. (a) Electric intensity distribution around the microsphere immerged in water. The system parameters
are: \y=0.69um, r=1.515um, n, = 1.515, n, = 1.77. (b) The transverse curves at the maximum value of electric
intensity in Fig. 3(b) (magenta) and in Fig. 7(a) (blue).

Notes No (pm) n, n, :um)
before 0.69 1.34 1.56 1

A after 0.405* 1.34 1.56 0.587
before 0.69 1 1.17 1

B after 0.69 1.34* 1.57 1.34
before 0.69 1 1.17 1

¢ after 0.405* 1.34* 1.57 0.786

D before 0.69 1 1.17 1
after 0.69 1.515* 1.77 1.515
before 0.405 1 117 0.752

F after 0.69* 1.515* 1.77 15

Table 2. Parameters before and after transformation for Figs 4-8. “Denotes active parameter, others are passive
parameters.

Here, we explain case IT in detail as it is a bit puzzling. In case IT if the refractive index of surrounding medium
is scaled by m (i.e., n; — nn,), then the illumination wavelength in surrounding medium is scaled by 1/m (i.e.,
Xo— No/M). We know that the width of incident beam is 0.43X, X is the wavelength in surrounding medium. In
the case after transformation the width of incident beam should had be 0.43X,/n. However, the width of incident
needle is actual 0.43\, due to the normal incidence at the interface between air and the surrounding medium.
In other words, the width of incident beam is expanded by n times. In order to keep the relative aperture h
unchanged, the microsphere radius r should also be scaled by 1 times (i.e., 7 — mr). At the same time, if we scale
the refractive index of microsphere by the same factor m (i.e., n, — mn,), then the relative index RIR and relative
aperture h are both unchanged, the negative SAs and positive SAs remain well compensated. Thus, the incident
beam will be focused at the shadow side of microsphere.

As for case ITI, it is just the combination of cases I and II. In this case there are two active parameters, the pro-
cess of parameter transformation can be divided into two steps: First, the illumination wavelength is scaled by o
(i.e., N\g— 0X) the microsphere radius should be scaled by the same factor o (i.e., r— o). Second, the refractive
index of surrounding medium is scaled by n (i.e., n; — m#n;) the refractive index and radius of microsphere should
also be scaled by the factor m (i.e., n, — An,, r— omr). Note that the order of these two steps has no effect on the
performance of parameter transformation.

On the basis of eq. (4), not only can researchers setup an optical system of microsphere to focus the incident
needle at the shadow side of microsphere with super-resolution, but they can also perform parameter transfor-
mation. Now we combine some concrete examples to demonstrate the above theory and illustrate the parame-
ter transformation by eq. (4). All simulations were based on the FDTD Solutions (a commercial software). The
Auto-uniform meshing with mesh accuracy 8, minimum mesh step of 0.25nm and perfectly matched layer were
used. For simplicity but not lose generality, the electric intensity in each case was normalized to unity.

First of all, we demonstrate the effectiveness of the theory compensating SAs, i.e., eq. (4). Here, we let the
optical needle incident on microspheres with radii 1 pum, 1 pm and 1.5 pm, which were immerged in deionized
water, air and cedar wood oil, respectively, as shown in Fig. 3(a-c), respectively. The illumination wavelength
in free space is 0.69 pm. The refractive indices of microspheres were calculated by eq. (4). As expected the inci-
dent optical needles are all focused at the shadow-side surface in these three situations, where the full width at
half-maximum (FWHM) of the focusing in these three situations are far below Abbe diffraction limit, and the

SCIENTIFICREPORTS|7:5712 | DOI:10.1038/s41598-017-06146-7 6



www.nature.com/scientificreports/

FWHM in the case of deionized water is about 185.2 nm, even approximating 1/3 of the wavelength in water (i.e.,
No/3n,=171.6 nm). Above examples indicate that eq. (4) can be used to determine the parameters of microsphere
system with high resolution.

Now, to demonstrate that eq. (4) can be used to perform parameter transformation, we gave five examples for
cases A-E, and the results are presented in Figs 4-8, respectively. For better understanding, the parameters before
and after transformation for cases A-E are listed in Table 2. From Figs 4-8, it can be seen that according to the
principles in Table 1 parameter transformation can be performed without changing the system resolution. Note
the resolution in this paper is defined as to wavelength in surrounding medium.

In conclusion we derived a simple but useful formula on the focusing of dielectric microsphere by eliminating
the spherical aberrations of microsphere. On the basis of this formula, not only can researchers setup an optical
system of microsphere with super-resolution to focus the incident needle at the shadow side of microsphere, but
they can also perform parameter transformation. In order to facilitate the application, the principle of parameter
transformation was summarized in Table 1. We would also like to point out that the formula in the present article
is suitable for narrow incident beam, e.g., optical needle!*?°. For narrow incident beam, the performance of focus-
ing of microsphere depends mainly on spherical aberration and rarely on numerical aperture of microsphere.
While for wide incident beam, for instance plane wave, the effect of numerical aperture on the performance of
focusing of microsphere should be taken into account. Our next step is trying to determine the similar formula
for the illumination of plane wave or wide Gaussian beam and investigate the parameter transformation on the
basis of that formula.

Methods

All simulations were based on commercial software FDTD Solutions of Lumerical Solutions, Inc. In our model,
the illumination source propagated along +x axis, and the source plane was located x = —2X, (X, is the illu-
mination wavelength) and the focal plane was at x = 0. The simulation region was 8X, * 16X, * 16\, and the
auto-uniform meshing with mesh accuracy 8 and minimum mesh step of 0.25nm were used. The distance
between source plane and the leftmost point of microsphere is the sum of illumination wavelength and micro-
sphere radius. The whole simulation region was surrounded by a perfectly matched layer. Due to the absence of
the optical needle in FDTD Solutions, we first calculated the six components of electric field (Ex, Ey, Ez) and mag-
netic field (Hx, Hy, Hz) at the transverse plane 2\, (i.e., x= —2X, in the formulas) ahead of the focal plane (i.e.,
x=0 in the formulas) of 0.95-NA lens according to the formulas in ref. 20. To ensure the accuracy the transverse
area for calculation was 16\, * 16\, that was divided into 800 * 800 meshes. Then, we imported the six compo-
nents (Ex, Ey, Ez, Hx, Hy, Hz) into FDTD Solutions as illumination source.

References
1. Wang, Z. et al. Optical virtual imaging at 50 nm lateral resolution with a white-light nanoscope. Nature Communications 2, 218
(2011).
2. Hao, X., Kuang, C,, Liu, X., Zhang, H. & Li, Y. Microsphere based microscope with optical super-resolution capability. Applied
Physics Letters 99, 203102 (2011).
3. Heifetz, A., Kong, S.-C., Sahakian, A. V., Taflove, A. & Backman, V. Photonic Nanojets. Journal of computational and theoretical
nanoscience 6, 1979-1992 (2009).
4. Devilez, A. et al. Three-dimensional subwavelength confinement of light with dielectric microspheres. Optics Express 17, 2089-2094
(2009).
5. Ferrand, P. et al. Direct imaging of photonic nanojets. Optics Express 16, 6930-6940 (2008).
6. Wang, Z. In Nanoscience: Vol. 3, 193-210 (The Royal Society of Chemistry, 2016).
7. Monks, J. N., Yan, B., Hawkins, N., Vollrath, F. & Wang, Z. Spider Silk: Mother Nature’s Bio-Superlens. Nano Letters 16, 58425845
(2016).
8. Yang, H., Moullan, N., Auwerx, J. & Gijs, M. A. M. Super-Resolution Biological Microscopy Using Virtual Imaging by a Microsphere
Nanoscope. Small 10, 1712-1718 (2014).
9. Yan, Y. et al. Microsphere-Coupled Scanning Laser Confocal Nanoscope for Sub-Diffraction-Limited Imaging at 25 nm Lateral
Resolution in the Visible Spectrum. ACS Nano 8, 1809-1816 (2014).
10. Gonidec, M. et al. Fabrication of Nonperiodic Metasurfaces by Microlens Projection Lithography. Nano Letters 16, 4125-4132
(2016).
11. Jooyoung, K. et al. Fabrication of Plasmonic Nanodiscs by Photonic Nanojet Lithography. Applied Physics Express 5,025201 (2012).
12. Guo, H. et al. Near-field focusing of the dielectric microsphere with wavelength scale radius. Optics Express 21, 2434-2443 (2013).
13. Darafsheh, A., Walsh, G. E, Dal Negro, L. & Astratov, V. N. Optical super-resolution by high-index liquid-immersed microspheres.
Applied Physics Letters 101, 141128 (2012).
14. Guo, S., Guo, H. & Zhuang, S. Analysis of imaging properties of a microlens based on the method for a dyadic Green’s function.
Appl. Opt. 48, 321-327 (2009).
15. Gu, M. Advanced optical imaging theory Vol. 75. (Springer Science & Business Media, 2000).
16. Li, Y. Focal shifts in diffracted converging electromagnetic waves. I. Kirchhoft theory. J. Opt. Soc. Am. A 22, 68-76 (2005).
17. Sheppard, C. J. R. & Torok, P. Focal shift and the axial optical coordinate for high-aperture systems of finite Fresnel number. J. Opt.
Soc. Am. A 20, 2156-2162 (2003).
18. Yi, J.-M. et al. Diffraction regimes of single holes. Physical review letters 109, 023901 (2012).
19. Guo, H. et al. Tight focusing of a higher-order radially polarized beam transmitting through multi-zone binary phase pupil filters.
Optics Express 21, 5363-5372 (2013).
20. Wang, H., Shi, L., Lukyanchuk, B., Sheppard, C. & Chong, C. T. Creation of a needle of longitudinally polarized light in vacuum
using binary optics. Nature Photonics 2, 501-505 (2008).
21. Zhan, Q. Cylindrical vector beams: from mathematical concepts to applications. Advances in Optics and Photonics 1, 1 (2009).
22. Chen, Z., Taflove, A. & Backman, V. Photonic nanojet enhancement of backscattering of light by nanoparticles: a potential novel
visible-light ultramicroscopy technique. Optics Express 12, 1214-1220 (2004).
23. Richards, B. & Wolf, E. Electromagnetic Diffraction in Optical Systems. II. Structure of the Image Field in an Aplanatic System.
Proceedings of the Royal Society of London. Series A. Mathematical and Physical Sciences 253, 358-379 (1959).
24. Stamnes, J. ]. Waves in focal regions: propagation, diffraction and focusing of light, sound and water waves (CRC Press, 1986).

SCIENTIFICREPORTS|7:5712 | DOI:10.1038/541598-017-06146-7 7



www.nature.com/scientificreports/

Acknowledgements

The authors gratefully acknowledge the following funding: National Basic Research Program of China
(2015CB352001); National key research and development program of China (2016YFF0101603); National
Natural Science Foundation of China (61178079); Leading Academic Discipline Project of Shanghai Municipal
Government (S30502); Development program of University of Shanghai for Science and Technology.

Author Contributions
H.M.G. designed the study, T.N.X. and ].B.H. performed the calculation and prepared the manuscript, S.L.Z.
supervised the research. All authors discussed the results and commented on the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

MM | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:5712 | DOI:10.1038/541598-017-06146-7 8


http://creativecommons.org/licenses/by/4.0/

	Parameter determination and transformation for the focusing of dielectric microspheres illuminated by optical needle

	Results

	Discussion

	Methods

	Acknowledgements

	Figure 1 Schematic of a microsphere illuminated by optical needle with width of 0.
	Figure 2 The electric intensity distribution (a,b) before and (c,d) after compensation of SAs.
	Figure 3 Electric intensity distribution around the microsphere immerged in (a) deionized water, (b) air, (c) cedar wood oil.
	Figure 4 (a) Electric intensity distribution around the microsphere immerged in deionized water.
	Figure 5 (a) Electric intensity distribution around the microsphere immerged in deionized water.
	Figure 6 (a) Electric intensity distribution around the microsphere immerged in water.
	Figure 7 (a) Electric intensity distribution around the microsphere immerged in water.
	Figure 8 (a) Electric intensity distribution around the microsphere immerged in water.
	Table 1 Principles of parameter transformation by eq.
	Table 2 Parameters before and after transformation for Figs 4–8.




