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This paper pertains to a long-standing debate about the quantification criteria and mechanisms of optical
superresolution in microsphere-based nanoscopy. Its super resolution capability has been closely linked
in the literature to the width of photonic nanojets. A comprehensive and systematic comparison of the
resolution obtained from the point-spread function (PSF) and the nanojet width is provided here. In both
cases, the Maxwell equations are rigorously solved in a two-dimensional geometry using similar micro-
sphere parameters. By carrying out the analysis in a rather broad range of parameters (microsphere size,
object-to-microsphere separation), the assumption that the standard resolution defined by the PSF can be
deduced from the nanojet focusing properties is disproved. The resolution values that result from the PSF
and magnification are studied in two regimes: with and without the excitation of whispering-gallery-mode
resonances in the microparticle. Unlike previous studies of nanojet focusing, the presented results summa-
rize the true resolution capability of microspheres stemming from the classical point-emission geometry.
It is also argued that a higher resolution capability can result from the coherence of illumination or the
resonantly increased role of near fields in nanoplasmonic arrays.
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I. INTRODUCTION

Microspherical nanoscopy emerged in 2011 as an
extraordinarily simple technique allowing imaging of
dielectric and metallic nanostructures with a resolution that
significantly exceeds the classical diffraction limit [1]. In
this method, a dielectric microsphere creates a magnified
virtual image of an object placed in contact with it, as
schematically illustrated in Fig. 1. The upper limit of the
diffraction-limited resolution of such a contact microlens
can be estimated based on the solid-immersion lens (SIL)
concept as A/(2NA), where the numerical aperture NA =
ng sin @ is defined by the object-space (or, here, the micro-
sphere) index n, and the collection angle 6 [2—4]. Shortly
after, the use of high-index (ny = 1.8) microspheres [5],
which are fully liquid-immersed [6—8] or embedded in
elastomeric slabs [9—12], was proposed. The liquid immer-
sion made possible the imaging of cells, subcellular struc-
tures, and proteins [13—16]. Based on the SIL concept,
it allowed the object-space index to be increased up to
ng ~ 2, which limits the far-field resolution at approx-
imately A/4. Liquid-immersed or embedded high-index
microspheres can be micromanipulated by a variety of
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techniques [17-20], allowing large areas of the samples
to be scanned. Stitching of the images can result in the
development of a new generation of ultra-high-resolution
fast-scanning optical microscopes [18].

The significant interest to the field of microspherical
nanoscopy is driven by two factors. First, the method is
so simple that it can find broad applications for imaging
subcellular structures, proteins, biological molecules, plas-
monic nanoparticles, or integrated circuits and it does not
necessarily require fluorescent (FL) labeling. Second, this
method can result in resolution values which are higher
than the diffraction limit. The fundamental reason for its
superresolution capability is of current interest [21-26].

The experimental resolution depends on many fac-
tors: (a) the type of object—near fields can be res-
onantly enhanced in nanoplasmonic structures; (b) the
refractive indexes of the microlens and the surrounding
medium—the optimal index contrast for virtual imaging
is within the 1.3—1.7 range, but higher average indexes of
the microsphere-medium system can facilitate higher res-
olution; and (c) the type of illumination—confocal illumi-
nation can provide a better signal-to-noise ratio compared
to wide-field illumination (it can also provide better res-
olution by using extremely narrow pinholes—however, it
is rather difficult to realize this resolution enhancement
in the case of weak signals [11]). The excitation of Mie

© 2019 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.11.064004&domain=pdf&date_stamp=2019-06-03
http://dx.doi.org/10.1103/PhysRevApplied.11.064004

A.V. MASLOV and V.N. ASTRATOV

PHYS. REV. APPLIED 11, 064004 (2019)

YIR

FIG. 1. (a) Imaging of a biomedical sample through a contact
microsphere. (b) Geometric ray tracing and virtual image forma-
tion. A point source located in the object plane 4 and displaced
from the optical axis emits light that is collected by the micro-
sphere M and redirected to the microscope objective B. A sharp
image will be formed in the detector plane C when the plane of
focus for the system of the lens B and the detector C coincides
with the plane D of the virtual image formed by the microsphere.
If the microscope objective is modeled as a single lens (as drawn
here), the unmagnified virtual image is projected on the detector
when the distances from B to D and from C to B are twice the
focal distance of the lens.

resonances in microspheres and the use of oblique or
coherent illumination can favor higher resolution. Since in
different experimental studies these conditions and param-
eters have varied greatly, it is rather problematic to present
a coherent picture of the developments in this area. We
summarize some of the existing experimental results on
microspherical nanoscopy in Table I. The table contains
information about the imaged objects, the size and mate-
rial of the microspheres, the refractive indexes of the
microspheres and the surrounding media, the type of illu-
mination, and the resultant resolution.

The main conclusion of Table I is that microspheri-
cal nanoscopy provides an extremely simple and versatile
method of imaging that works in a similar way to SIL, but
with somewhat higher resolution. The initial experiments
were interpreted using semiquantitative resolution criteria
based on the discernibility of small features and that gave
rise to resolution claims of about A/8-A/14 [1] or even
A/17 [27]. More rigorous resolution quantifications based
on the convolution of the object shape with the point-
spread function (PSF) [8,10—12] led to somewhat reduced
resolution values of approximately A/6—A/7, which still
far exceed the classical diffraction limit determined by the
microscope objective and, most interestingly, even the SIL
limit determined by the high-index microspheres. Micro-
spheres provide good near-field coupling conditions with
nanoscale objects (gaps below A/2) due to small size of
the contact area. The drawback, however, is that the field
of view is limited by about a quarter of the sphere diameter

[6]. It has been demonstrated that the field of view can
be increased by translating the microspheres by a variety
of techniques [10,17-20,30] followed by stitching of the
corresponding images.

The theoretical explanation of superresolution initially
proposed in Ref. [1] was based on a notion that focusing
and imaging are fundamentally related by the reciprocity
principle [31,32]. This implies that subwavelength focus-
ing by microspheres directly translates into the subwave-
length PSF width, which defines the resolution. While such
a direct relation has not been demonstrated, many theo-
retical studies have been dominated by this notion and
multiple research groups have performed simulations of
nanojets in lieu of imaging (see, e.g., Refs. [28,33—43]).
Although this seems to be intuitively appealing, the direct
application of reciprocity to the focusing regime does not
make it a point-source emission regime, as required for res-
olution quantification according to the classical definitions
[44,45]. Indeed, let us take the case of plane-wave focus-
ing. The initial plane wave produces scattered waves that
propagate in all possible directions and can also form a
nanojet. Furthermore, the scattering generates evanescent
fields that decay from the surface and can also contribute to
the nanojet [46—50]. The reciprocity principle says that the
conjugate of the focusing solution will also be a solution
of the Maxwell equations [51]. This conjugation means
that the scattered waves become incident on the particle
and produce the backwardly propagating plane wave. The
conjugation does not change the direction of evanescent
decay—the fields still decay from the particle surface. It is
apparent that the reciprocal field distribution does not cor-
respond to the emission of a point source. Thus, making
the conjugation of the focusing regime does not give us
direct information about the point-source emission regime
that defines the PSF [44,45]. While this direct conjugation
is apparently not very useful, focusing and emission do
have similarities. If focusing produces a nanojet with some
subwavelength features, this implies that if we put a point
source at that location, its high spatial-frequency Fourier
components will produce outgoing radiation. We can antic-
ipate that the emission of such current components can
potentially form a sharper image and, thus, enhance res-
olution. However, the image formation involves not only
the presence of high spatial-frequency components but also
their superposition, which can only be accounted for by
solving the point-source emission problem.

Another drawback of attributing superresolution to
nanojets is that the width of photonic nanojets can be
only fractionally smaller than the diffraction limit in air
(approximately A/2) and only under a special choice of
parameters for the microspheres [46—49]. The jet width
is smallest at approximately A/3 for 2-3 um particles;
for particles larger than 5—6 um, the width exceeds /2
[50]. In contrast, the experimentally reported resolution
reaches approximately A/6—A/7. For these reasons, we
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TABLE L

Summary of resolution quantification at different experimental conditions of microsphere-based imaging. The resolution

estimates are based on experimentally discernable minimal feature sizes or on more rigorous procedure of convolution with one-
dimensional (1D) and, especially, with two-dimensional (2D) PSFs. Notation: MRF, minimally resolved features; BTG, barium titanate
glass; IPA, isopropyl alcohol; PDMS, polydimethylsiloxane; BRD, Blu-ray disk; CPU, central processing unit; LPSIM, localized
plasmonic structured illumination microscopy; CLSM, confocal laser scanning microscopy; PIP, postimaging processing.

MS material— Estimated
Reference Object background, size [llumination Modality resolution
Wang et al. [1] Gratings, SiO; -air, White-light, Wide-field; A/8—A/14 (MRF)
plasmonic D~ 5 pum 400-750 nm transmission,
structures, BRD reflection
Darafsheh et al. [6]  Plasmonic dimers, BTG-IPA, White-light, Wide-field; A/7T—1/4.5 (MRF)
BRD D ~2-220 um 400-750 nm reflection
Lietal [13] Adenovirus, BRD, BTG-H,0, White-light, Wide-field; A/6 (MRF)
nanopores D ~ 100 pm 390-700 nm reflection
Yang et al. [14] FL labeled, BTG-H,0, FL, 680 nm FL imaging A/7 (MRF)
nanospheres, D ~ 60 um
subcellular
structures
Krivitsky et al. [17]  Plasmonic dimers,  SiO; -air, White-light, Scanning-wide- A/10-1/17 (MRF)
grating D~ 7 um 400750 nm field;
reflection
Darafsheh et al. [7]  Plasmonic dimers  BTG-IPA, Narrow-band, CLSM A/6 (1D convolution)
D ~ 10-53 um 405 nm
Yan et al. [27] Plasmonic Fused SiO;-air, Narrow-band, CLSM A/17 (MRF)
nanoholes, D =2.5-75 pum 408 nm
nanowires
Allen et al. [10] Plasmonic dimers ~ BTG-PDMS, Narrow-band, CLSM AJ6—A]T
D ~ 5-53 um 405 nm (2D convolution)
Allen et al. [8] Plasmonic dimers ~ BTG-IPA, Narrow-band, CLSM A/6.6—1/7.3
D~ 810 um 405 nm (2D convolution)
Wang et al. [18] BRD, CPU, BTG-H,0, White-light, Scanning-wide- A/6.3—1/8.4
nanowires, FL D ~27-70 pum centered at field; (2D convolution)
cells 550 nm reflection
Yang et al. [28] Silicon grating BTG-H,0, White-light, Wide-field; AJ4—A/T
D ~ 321 pm 400—700 nm reflection (1D convolution)
Astratov et al. [16],  FL labeled BTG-plastic, FL, 604—644 nm Wide-field FL; i
Brettin et al. [58] proteins or D ~ 820 um (proteins), coupling with (2D convolution)
nanospheres 505-555 nm plasmonic
(nanospheres) metasurface
Bezryadina et al. FL labeled TiO, -H,0 FL, approximately =~ Wide-field FL; A/10,
[29] nanospheres D ~20 um 570 nm LPSIM, with (2D convolution)
PIP

suggest in this work that the capability of microspheres to
form photonic nanojets does not adequately explain their
super resolving power—or, at least, this analogy should be
exercised extremely carefully, with the full understanding
that the calculations of nanojets cannot be directly applica-
ble to explaining the experimentally observed resolution.
Sometimes, the superresolution is attributed directly to the
subwavelength size of the excitation volume generated on
the shadow side of the microsphere by the nanojets [52].
The photonic nanojet can be more suitable for understand-
ing resolution in confocal microscopy, but it seems to be
less relevant to wide-field microscopy, where most of the
experimental results have been obtained.

It should also be noted that the calculation of
photonic nanojets is a relatively straightforward task,
implemented in many commercial software packages
for electromagnetic modeling, whereas the finding of
images based on a rigorous solution of the Maxwell
equations typically requires a special treatment. The
relative simplicity of the nanojet calculation, in con-
trast to the significantly more complex microsphere-
based imaging, has stimulated a somewhat simplified
approach to imaging based on substituting true imaging
modeling with that of nanojets and claiming a strong
connection between the focusing and superresolution
[28,33-43].
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To shed light on the relevance of photonic nanojets
for defining the resolution, in this work we compare
the imaging and focusing properties of dielectric micro-
spheres based on exact numerical solutions of the Maxwell
equations. Our imaging results are obtained for a point
source emitting near a microsphere, in the spirit of classical
resolution theory [44,45]. To simplify the analytical and
numerical calculations, we adopt a two-dimensional (2D)
model that should correctly reproduce the electromagnetic
process of image formation, including various near-to-
far-field transformations that may exist for subwavelength
source-to-microsphere distances. Previously, a 2D model
of photonic nanojets has been shown to capture all the
essential features of a more complete three-dimensional
(3D) model [53]. Besides microspheres, microcylindrical
lenses are also used in experiments [8,54]. Our 2D cal-
culations are not a replacement for the full 3D modeling
required for accurate fitting of the experimental imaging
results obtained using microspheres but, rather, an attempt
to provide a physical insight into the main effects and to
explain the main dependencies of such imaging. One of
the possibilities for conducting full 3D modeling is to use
some existing software based, for example, on the finite-
difference time-domain (FDTD) method [55]. However, it
is an extremely extensive computational task to complete
an analysis comparable to this work for a 3D case. Despite
the simplification in the geometry, our approach pro-
vides very accurate descriptions of all of the electromag-
netic properties, in particular, when operating at resonance
with whispering gallery modes (WGMs), whereas FDTD
approaches can sometimes provide less reliable results [56]
or, at least, require longer computational times and larger
resources in order to obtain sufficiently accurate results.

All of the factors that can additionally enhance the
resolution in the experimental situation—for example,
plasmonic enhancements of near fields in nanostructured
metallic objects [16,57,59] or plasmonic structured illumi-
nation [29,60]—are outside the scope of this work. We also
do not consider the imaging of extended sources or sev-
eral point sources oscillating with specific phases, which
can provide possibilities for coherent imaging with infinite
resolution [25,60].

We calculate images as they would be seen in an opti-
cal microscope with the objective lens focused at dif-
ferent depths, i.e, planes of focus. Here the term "plane
of focus" indicates the plane at which an object should
be located to provide the sharpest image. The plane of
focus depends on the parameters of the imaging system
[the lens and the detector in Fig. 1(b)] and, in general,
differs from the focal plane of the lens alone. We show
that these images are dramatically different from the dis-
tributions of the electromagnetic field. The imaging for
arbitrary gaps between point sources and microspheres
is analyzed. Images of point sources just outside of the
microspheres (zero gap) were considered previously by

solving the Maxwell equations using the finite-element
[22] and expansion [21] methods. The gap significantly
affects imaging through magnification, which is also ana-
lyzed. Our results show that the evaluation of resolution
in microspherical nanoscopy requires rigorous solutions of
the Maxwell equation for point sources and that the calcu-
lations of photonic nanojets generally cannot be used for
this purpose.

II. FORMULATION OF THE PROBLEM

The studied physical model is illustrated in Fig. 2. Two
specific cases are considered. In the first case, shown in
Fig. 2(a), a particle focuses an incident plane wave. In the
second case, shown in Fig. 2(b), a point source of current
emits near a particle. The emitted radiation is collected by
a lens, which forms an image on a detector. Both cases
are considered in the 2D geometry, in which there is no
dependence on the z coordinate. The polarization is trans-
verse magnetic (TM), i.e., the field components are E,, E,,,
and H,. The parameters are as follows: R is the radius of
the particle and #, is its refractive index, n; is the index
of the background space, d is the distance from the parti-
cle surface to the current location, and w is the operating
frequency. The current density has the following form:

I, y) =jopd(x + R+ d)3(p). (1

Our results below are obtained at n, = 1 for the back-
ground and at ny = 1.4 for the microparticle. In practice,
however, a liquid environment and high-index micro-
spheres are often used [6—8]. The imaging properties in this
case can be deduced directly from the n, = 1 case.
Indeed, let us assume that a point source j,6(x)é(y)
emits in a medium with some arbitrary distribution of
refractive index n;(x,y). We assume that this point source
produces fields E;(x,y) and H;(x,y). If we increase the
refractive index everywhere by a factor of m and simulta-
neously reduce all size parameters by the same factor, the

(a) (b) Detector

L

®

FIG. 2. The geometry of the problem. (a) The focusing of a
plane wave by a particle. (b) The imaging of a point source
emitting near a particle.

d

Jo !
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new index distribution becomes n,(x,y) = mn;(mx, my).
From the Maxwell equations, we obtain that the fields gen-
erated by the same point source can be directly expressed
in terms of the known field distributions as E,(x,y) =
E|(mx,my) and H,(x,y) = H;(mx, my). Since the image
depends on the relative field strength, the only effect of the
uniform increase of the index and the size compression is
the overall increase of the resolution by m. Thus, our simu-
lations are directly relevant to the case of imaging inside a
background material as long as the index contrast remains
atng/np = 1.4.

This situation shows that imaging by liquid-immersed or
plastic-embedded high-index (n,~2) barium titanate glass
(BTG) microspheres [6—16,18] should provide higher res-
olution compared to silica (n; = 1.46) spheres in air [1,17].
The resolution advantage of BTG spheres needs to be esti-
mated for each material combination, but in general it is
close to 1.4.

III. CALCULATION OF FIELDS AND IMAGES

The circular geometry of the particle makes it natural to
use analytical methods of expanding the fields into angu-
lar series. The time dependence of all fields is e, In
the TM case, it is convenient to solve the problem for the
transverse magnetic component H. (x, y).

To find the scattered fields in the case shown in Fig. 2(a),
we expand the fields inside and outside the cylinder as
well as the incident wave. Matching the fields at the p =
R boundary, we obtain the standard expressions for the
expansion coefficients (see, e.g., Ref. [61]).

The solution for the case shown in Fig. 2(b) proceeds in
the same manner, the point current given in Eq. (1) and the
fields generated by it being expanded into a series. After
the fields are calculated, we can find the field in the far-field
region:

S (@) ik 0—im /4
H.(x,y) = ——=€"0"~""/%, (2)
Vkpp
where k, = npk and k= w/c. The angular distribution

function f(¢) is obtained from the expansion. The far field
can also be represented as follows:

H.(x,y) = / dg e[, (g), 3)
lgl<kp

where H.(g) is the Fourier component and g?+
h? = k?. Evaluating the integral in Eq. (3) asymptotically
at p — oo and comparing with Eq. (2) gives us the Fourier
component:

/(@)
27k cos (p’

An objective lens collects the far field and forms an image
on the detector. For an ideal objective lens with NA = 1

I:Iz (g) = g = kpsing. 4)

and without magnification, the image is equivalent to the
intensity distribution of the back-propagated far field in
the plane of focus (defined by x). The knowledge of H.
allows us to formally back-propagate the field to any point
in space and find the image intensity:

1(x,y) = |H.(x,») . )

The back-propagated field at some location differs from
the true field there since this procedure is equivalent to
image formation and is not a solution of an inverse scat-
tering problem [62]. If the far field is generated by some
sources in free space, the sharpest image is observed when
the plane of focus passes through the sources. Thus, by
scanning over various positions x of the plane of focus,
we search for the location of the far-field sources. Gen-
erally, such scanning mimics finding the sharpest image
in experimental microscopy. Any magnification of the
objective lens only scales the image on the detector, i.e.,
along y.

IV. POINT-SOURCE EMISSION AND IMAGING
IN FREE SPACE

The emission of a point source in free space is an ana-
lytically solvable problem that can be used for verification.
The field created by point source jo8(x)S8(y) is

H.(x,y) = —HoimnyH" (kyp) cos @, (6)

where H 1(1) is the Hankel function of the first kind and the
constant Hy = jow/c? is a magnetic amplitude. For n;, = 1,
we obtain |H,(x,y = 0)/Hy| = 1 at distance kp ~ 6.3405
or p/A ~ 1.0091 from the source. There is no radiation
emitted in the direction of the current source, i.e., along
the y axis. The magnetic field H. (x, y) diverges as p — 0.
One can calculate the far field and then back-propagate it to
find the intensity distribution at an arbitrary plane of focus.
The back-propagated field at x = 0 becomes

in(k,
H.(x = 0,) = —Hy2n, smk( ) (7)

b)Y

It is convenient to introduce a unitless image intensity:

H,(x,y) |’
T =|— . 8
() ‘ Ho ‘ ®)
For the point source, we obtain
in (k 2
T(x = 0,y) = 4] <M> . ©
kyy

Unlike the field intensity, which diverges at p = 0, the cre-
ated image Z(x = 0, y) always has a finite value. Equation
(9) is an exact solution of the Maxwell equations in the 2D
case and does not rely on the paraxial approximation.
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V. SCATTERING CROSS SECTION, EMITTED
POWER, AND RESONANCES

We start by studying the optical properties of the particle
that affect image formation. Figure 3(a) shows the scat-
tering cross section when the particle is illuminated by a
TM-polarized plane wave. It shows large-scale oscillations
and small narrow peaks. The large-scale oscillations are
related to the interference of the light passed through the
particle and through the background and have a period of
kR ~ 1 /(ny; — np) ~ 7.9. The small narrow peaks are sig-
natures of various resonances excited in the particle. The
properties of some of these resonances are summarized in
Table I1. Despite their significant Q factors, the resonances
are barely seen in the scattering cross section because of
the weak coupling to the incident plane wave. The reso-
nance should be more visible if the excitation source is put
near to the particle surface.

Figure 3(b) shows the spectrum of the power emitted
by the point source located near the particle. One can
see a comb of resonant peaks with much higher peak-to-
background ratios at sufficiently large values of AR but at
the same positions as in Fig. 3(a). Their amplitudes grow
rapidly with kR. The strong enhancement is related to the
resonances with the lowest radial number. The field of
these modes does not have nodes inside the particle and
decays outside. Figure 4(a) shows the dependence of the
emitted power on the distance kd to the particle. On res-
onance (kR = 20.382, 23.476), the power decreases with
distance for small &d and then starts to oscillate weakly. Off

@ 4 —o
3¢
Q
S
(b)
g
a
o
0 5 10 15 20 25 30
kR
FIG. 3. (a) The scattering cross section o (normalized to the

geometric cross section D = 2R) for a cylinder with n, = 1.4
as a function of kR. (b) The power P emitted by a point source
(normalized to the free-space emission Py) located at a distance
kd =1 from the cylinder surface. The WGM resonance with the
azimuthal number m = 24 is labeled in panel (b) as a reference.

TABLE II. The properties of several TM resonances for
ng = 1.4 and n, = 1: azimuthal numbers m, resonant frequencies
kR, D/, and Q factors.

m kR D/x log(Q)
23 19.602 6.2395 2.36
24 20.382 6.4878 2.47
25 21.158 6.7348 2.59
28 23.476 7.4726 2.92
34 28.0675 8.93416 3.59

resonance, the power shows only some rather weak oscilla-
tions with distance. The strong enhancement of the power
emission for sources near the particle suggests that the
resonances can significantly impact the image formation.

The power is emitted at all possible angles and can be
represented as follows:

2
p= /0 dop(@), (10)

where p(¢) is the angular power density. Without the
microparticle, the power distribution is p(¢) o cos® @,
which can be obtained directly from Eq. (6). Typical distri-
butions of p (¢) are shown in Fig. 4(b). In the nonresonant
case, kR = 20, the emission into the upper half space has
a narrower angular width and higher intensity as com-
pared to that into the lower half space. Due to rather
narrow angular emission even lenses with NA ~ 0.5 can
be used without loss of resolution. In the case of reso-
nances, kR = 20.382, 23.476, multiple interference peaks
can be observed.

Thus, the focusing of plane waves and the imaging of
point sources are quite different because of the coupling

(a)4

(b)

O “““““ Lo Lo Lo
0 0.5 1 1.5 2
diA
FIG. 4. (a) The normalized power P/P, emitted by a point

source as a function of the gap d/\ = kd/(2m) for various values
of kR. (b) The angular distribution of the emitted power p (¢) for
the same kR as in panel (a) at kd = 1.
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strength to the microsphere WGM resonances. The cou-
pling of incident plane waves to WGM resonances is so
weak that the corresponding peaks in the scattering cross
section are hardly visible. In contrast, the coupling of point
sources located in the near-field proximity to microspheres
is so strong that it greatly modifies the emission spec-
tra, leading to an almost full redistribution of the emitted
power into the WGMs for large kR. This means that, in
practice, the imaging of fluorescent species, such as dye-
doped nanospheres or biomedical structures, is likely to
take place in the resonant regime irrespective of the char-
acteristics of the point sources or microspheres. This has
important consequences for the resolution of the system,
since resonant imaging may have higher resolution due to
the resonant enhancement of the evanescent fields at the
WGM frequencies [26].

VI. FOCUSING OF PLANE WAVES AND
PHOTONIC NANOJETS

The focusing of an incident plane wave is illustrated in
Fig. 5, which shows field distributions for particles with
several sizes kR. If the operating wavelength is A = 650
nm, the value kR = 10 corresponds to the particle diameter
D =2R =2.069 um and kR = 30 to D = 6.207 um. For
the small nonresonant particle (kR = 10), the formation
of a photonic nanojet can be observed just at the surface
of the particle. As the size kR becomes larger, the nano-
jet peak moves away from the surface. The presence of
resonances does not change the formation of the nanojet

| — | —
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FIG. 5. Top panels: the intensity distribution |H./Hy|? created
by a plane wave incident on a particle with n, = 1.4 for several
values of kR. Bottom panels: the phase distribution ¢ /7 for the
same parameters.
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FIG. 6. (a) The intensity distribution for photonic nanojets

along the x direction (along the direction of plane-wave inci-
dence) as a function of the distance d = |x| — R to the particle
surface. The vertical solid line at d = 0 shows the particle bound-
ary. (b) The intensity distribution along the y direction at the
maximum of the x distribution.

qualitatively. However, the intensity of the excited reso-
nance can significantly exceed the maximum intensity of
the nanojet.

To study the photonic nanojets more quantitatively,
Fig. 6 displays the profiles of the field distributions shown
in Fig. 5. Figure 6(a) shows the field distributions along
x at y =0 as a function of the distance from the sur-
face d = |x| — R. As the size increases from kR = 10 to
kR = 30, the peak moves from the particle surface and its
magnitude increases. The presence of resonances (compare
the cases kR = 20 and kR = 20.382) slightly increases the
maximum value and displaces the maximum closer to the
surface. The intensity approaches |H./H,|> — 1 far away
from the particle at d/A > 1.

Figure 6(b) shows the normalized intensity |H./Hy|* of
the nanojets in the transverse direction at the x positions
that correspond to the maxima in Fig. 6(a). The inten-
sity is a maximum on the axis y = 0. Far away from
the axis at y/A > 1 [outside of the range of Fig. 6(b)],
|H./Hy|*> — 1. Following the common approach [46—49],
we characterize the focusing by using the full width at
half maximum (FWHM) of the central peak. The small-
est width 0.32) is observed for the nanojet formed by
the smallest particle, kR = 10. This width is approxi-
mately equal to 0.5A/n; [63]. For the AR = 20 particle,
the width is 0.491 and for AR = 30 the width is 0.54A.
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In the resonant case kR = 20.382, the width is 0.39A.
Apparently, the smallest width is obtained when the
evanescent waves contribute to nanojets with maxima at
or very near the surface, as for k<R = 10.

A potential resource for increasing the resolution in
experimental situations is related to the possibility of the
partial contribution of coherent illumination [44,45]. It can
be realized if a wavefront with an abrupt phase change of &
is used to illuminate two point objects (two closely spaced
nanospheres, nanoplasmonic dimers, etc.). By adjusting
the illumination conditions it should be possible to excite
the point objects by out-of-phase parts of the wavefront.
The coherent emission of the out-of-phase point sources
should result in the visibility of the zero-intensity mid-
point for any, even infinitely small, separation between
them [25,60,64]. The rapid phase variations near the nano-
jets can also be attributed to the Gouy anomaly. Figure 5
(bottom) shows the phase distributions created by the plane
wave. It is seen that the rapid variations of the phase indeed
take place along the illumination wavefront, in proximity
to the microsphere. It should be noted, however, that such
variation of the phase takes place away from the antici-
pated contact point with the structure (from the vertical
axis of the microsphere). Through the use of oblique illu-
mination, the position of abrupt variation of the phase can
be shifted toward the vertical axis. This can be an impor-
tant factor in providing a possible explanation of recent
observations of better resolution at oblique illumination of
microspheres [18].

VII. POINT-SPREAD FUNCTION AND
RESOLUTION

One of the key characteristics of an imaging system is
its PSF, i.e., the image created by a point source [44,45].
Let us first discuss the PSF for a point source [see Eq.
(1)] emitting in free space. To model free space, we simply
take a very small index contrast of the particle (see Fig. 7).
It is seen that the images are different from the intensity
distributions. While the intensity diverges at the particle
location [see Eq. (6)], the image does not. Also, there is no
emission at the source plane x = —R — d, since the current
does not emit along its direction. The image, however, has
a finite intensity in that plane.

Figure 7(c) shows the image intensity in the trans-
verse direction. Let VW denote the FWHM of the image.
From Fig. 7(c), we obtain W/A = 0.447. This value is
the free-space resolution according to the Houston crite-
rion [45,65]. If we use the first zero of the image, the
Rayleigh criterion [45,66], we obtain 0.5, which is a simi-
lar value. The image along y and the actual field intensity
are shown in Fig. 7(d). The image width in the axial x
direction is about 1.25, which is significantly larger than
the transverse width.
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FIG. 7. The imaging of a point source located at kd = 1 from
a particle with kR = 20 and a very small (n, = 1.005) refractive
index contrast. (a) The image as a function of the plane-of-focus
position x and the transverse coordinate y. (b) The field intensity
IHZ(x,y)/H0|2. (c) The image along line (1), passing through its
maximum. (d) The image along vertical line (2) and the inten-
sity along line (3). The dashed circles in panels (a) and (b)
show the particle. In panel (b), the intensity range is limited by
|H./Ho|* = 4.

We now can turn to the PSF in the presence of a parti-
cle with ny, = 1.4. Figure 8 shows the image intensity (i.e.,
PSF) and field intensity produced by a point source located
at kd = 1 from the particle surface. The field intensity
diverges at the source location, similar to the case with-
out the particle. In the resonant case kR = 20.382, one can
see a very efficient excitation of the WGM with m = 24.
The images look drastically different from the intensities.
For all sizes kR, an image significantly below the parti-
cle (virtual image) can be observed. The distance from the
image to the particle surface increases with increasing par-
ticle size. In the resonant case, strong peaks can also be
observed just below the particle.

To evaluate the resolution quantitatively, it is conve-
nient to make cuts through the PSFs in Fig. 8. Figure
9(a) shows the image intensity at y = 0 as one moves
along x. As the particle size kR increases, the maximum
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FIG. 8. The image intensity (top panels) and the field intensity

(bottom panels) for a point source at kd = 1 below the particle.
The black circles show the particles and the black dots in the top
panels show the actual position of the point source.

moves from the particle boundary. There is an additional
peak near the boundary in the resonant kR = 20.382 case.
Figures 9(b1)~b4) show the images for several plane-of-
focus positions x (see also Table IIT). Without resonances,
the narrowest peak is obtained for the smallest particle
kR = 10 at x/L = —2.49. For a fixed kR, the image width
increases and the peak decreases as we move the plane of
focus away from the particle. In the resonant case, kR =
20.382, one can observe significant oscillations of the PSF.
The central peak has W/A ~ 0.478, which is comparable
to the PSF width without the particle.

Changing the source-to-particle distance d also changes
the PSF. For smaller distances, kd < 1, the excitation of
the WGM will be even more pronounced, while nonreso-
nant images do not change significantly. A case with larger
kd, kd = 3, is shown in Fig. 10. For the smallest particle,
kR = 10, the image can be obtained only if the plane of
focus is at x/\ = —2.481 which is near the object plane.
For the larger kR = 20 particle, there is also a well-defined
peak just below the particle, at x/A = —4.436. The pres-
ence of this peak can be attributed to interference effects.
For kR = 20.382, the resonant effects become less pro-
nounced due to rather weak coupling of the emitter to
the WGM. Figure 11 shows the image intensities when
the plane of focus passes through the narrow peaks for
kR = 10 and kR = 20. In both cases, we obtain the width
of the central peak WW/A = 0.6, with significant side lobes.
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FIG. 9. Cuts through the images in Fig. 8. (a) The image inten-
sity along x. The vertical lines indicate the particle boundary.
(b1){b4) The image intensities along y for several plane-of-
focus distances x/A.

Figure 12 shows images in a strongly resonant case
for kR = 28.0675 when the source is very close to the
surface kd = 0.5. When the plane of focus is close to
the particle, multiple side lobes make it difficult to relate
the image to the source. It is only when the plane of
focus moves significantly below the particle, at x/A =
—13.9, that reasonable but rather broad images can be
obtained.
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TABLE IIl. The properties of the images shown in Fig. 9 at
various sizes kR and plane-of-focus positions x for kd = 1. W is
the width of the image and M is the magnification.

kR —x/ W/ M W/(Mr)
1 10 2.49 0725 142 0.51
2 10 3.56 0.893  2.03 0.44
3 10 15 3.68 8.57 0.43
4 20 7.507 1.07 2.25 0.48
5 20 15 2.04 4.49 0.45
6 20382 45483 0478 134 0.36
7 20382 9.7216 1.06 2.86 0.37
8 20.382 20 2.3 5.88 0.41
9 30 12.379 1.15 251 0.46
10 30 20 1.9 4.05 0.48

The resolution is defined as the minimal distance
between two points that allows them to be resolved [44,
45]. However, the microsphere provides an intrinsic mag-
nification of the virtual image, which means that the
images shown in Figs. 9 and 11 are not yet sufficient to
obtain the resolution. This is because the displacement
of the point source is not equal to the displacement of
its image due to magnification [see Fig. 2(b)]. Using the
definition of magnification M as the ratio of the image dis-
placement and source displacement, we obtain M from the
geometry:

|x|
R+d (b
where x is the plane-of-focus position. Since, typically,
|x| > R+ d, we obtain M > 1. The resolution will there-
fore be W/M, where W is the FWHM of the image.
Equation (11) is approximate since it does not account
for various image distortions for off-axial point loca-
tions. To check its validity, the images of displaced point
sources polarized along ¢ are calculated. The displace-
ments give rise to asymmetry in the images. This intro-
duces some ambiguity into the image position, especially
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FIG. 10. Images as in Fig. 8 (top panels) but for kd = 3.
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FIG. 11. Cuts through the images for kR = 10 and AR = 20 in
Fig. 10.

for displacements smaller than, or comparable to, the width
of the peak. Two approaches to determining the image
positions are used. In the first approach, the maximum of
the image peak is calculated. In the second approach, the
average of two values at half maximum is calculated.

The dependencies of the magnification on the point dis-
placement along y at a fixed plane of focus x/A = —7.5
and several positions d of the object plane are shown in
Fig. 13. In general, in all approaches moving the source
from the particle, i.e., increasing kd, at the fixed plane of
focus x decrease M, in agreement with Eq. (11). However,
the y dependence of M varies slightly, within approxi-
mately 10%, between the approaches. The largest varia-
tions are obtained when M is calculated using the position
of the maximum. Use of the middle point at half maximum
gives rather good agreement with Eq. (11).

Using the images shown Fig. 9, we can calculate the
resulting resolution (see Table III). The highest resolution
0.36X is obtained in the resonant case. In all nonresonant
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FIG. 12. Imaging in the resonant case kR = 28.0675, kd = 0.5.

(a) The image intensity. (b) The image along x for y = 0. (c) The
image along y at several values of x.

064004-10



RESOLUTION AND RECIPROCITY IN MICROSPHERICAL...

PHYS. REV. APPLIED 11, 064004 (2019)

Magnification, M

Source location, y/A

FIG. 13. The image magnification as a function of the trans-
verse displacement y in the plane separated from the particle
by distance d. The curves are obtained by three approaches: (1)
using Eq. (11), (2) using the position of the image maximum, and
(3) using the midpoint of the image at half maximum.

cases, the resolution is 0.4—0.5A. Note that the resolu-
tion for the smallest particle, kR = 10, does not show any
significant improvement compared to the larger particles.

Since the PSF width WW and magnification M depend
strongly on the plane of focus, it is instructive to find
the highest resolution achievable for various point-source
locations kd by moving along x. The results are summa-
rized in Fig. 14. For comparison with the photonic nanojet
widths, we note that for the sufficiently large micro-
spheres selected for this analysis, the nanojet nonresonant
(kR = 20) width (0.491) is very close to the diffraction
limit (0.5)) indicated in Fig. 14, whereas the nanojet res-
onant (kR = 20.382) width (0.39)) is smaller than the
diffraction limit.

The highest resolution is typically around 0.4—0.5). In
the resonant case, the resolution can exceed these val-
ues slightly and reach approximately 0.3A for sources
very close to the particle surface. This means that for
high-index microspheres (1, ~ 2) immersed in liquids or
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FIG. 14. The resolution WW/(AM) for various locations of the
point source d/A for kR = 20 and kR = 20.382.

embedded in elastomeric slabs, with n, ~ 1.4, the res-
olution values can reach about 0.2A. However, in this
case, noticeable side lobes can be obtained on the images.
Another interesting observation is that in the nonresonant
case, the maximal resolution, about 0.4A, can be achieved
for point sources separated from the microsphere by a
A-scale distance. Here again, the increase in the resolu-
tion is accompanied by the appearance of side lobes (see
Fig. 11). The resolution becomes markedly better than the
width of a photonic nanojet (0.491) [see Fig. 6(b)].

VIII. COMPARISON OF PHOTONIC NANOJETS
AND PSF PROPERTIES

Using the results from the previous sections, we can
now compare the relevance of nanojet properties to the
resolution, which is defined by the PSF and magnifica-
tion. It is important to realize that the nanojet properties
depend only on two parameters: the size parameters kR and
the refractive index n;. The most relevant nanojet char-
acteristics are the location of the nanojet maximum and
the transverse width. The PSF can also be characterized
by the plane-of-focus positions, at which the image inten-
sity is at a maximum, and the corresponding image width.
The plane-of-focus position determines the magnification.
The PSF also depends on the gap d, which greatly affects
imaging [10,11]. Thus, the imaging regime involves more
parameters compared to the focusing regime.

Let us consider the nonresonant case in detail. Small
particles with kR = 10 produce nanojets at the particle sur-
face, with the smallest width of 0.32A. Larger particles,
with kR ~ 20—30, produce nanojets that are well sepa-
rated, by approximately A, from the surface and have a
larger width, of approximately 0.5—0.6A. Note that the
nanojet width is significantly smaller for kR = 10 as com-
pared to kR = 20 or kR = 30. The widths of the PSFs
(see Figs. 8 and 9 and Table III) at the maxima, which
are well separated from the particle surface, increase from
W/A =0.725 for kR = 10 to W/1 = 1.15 for kR = 30.
Thus, the PSF width is significantly larger than the nano-
jet width. Accounting for magnification allows finding the
true resolution. The resolution changes slightly from 0.51
to 0.46 as the size increases from AR = 10 to kR = 30.
Moving the plane of focus further away for the kR = 10
particle increases its resolution up to 0.43, which is slightly
better than 0.46 for the kR = 30 particle. While the nano-
jet width decreases significantly as the particle becomes
smaller, there is no significant enhancement of the resolu-
tion. This allows one to conclude that the actual values of
the nanojet width and the PSF-based resolution differ and
do not show the expected correlation.

To extend the search for a possible correlation, let us
try to compare the nanojet width and resolution in sev-
eral related cases. In the first case, we calculate the field
intensity produced by a plane wave and find the location at
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FIG. 15. (a) The field intensity |H.(x, y)|2 produced by a plane wave incident on a particle with kR = 20. The nanojet created has

a maximum at kx = —25.2626 (x/A = —4.020). (b) The image produced by a point source located at the position of the nanojet
maximum kd = 5.2626. (c¢) The image observed at the plane of focus kx = —25.2626 for various positions of the point source kd.
(d) Cuts of the distributions shown in (a)(c). All curves in (d) are normalized to their maxima.

which the created nanojet has its maximum. In the second
case, we put a point source at this location and calculate
its image for various plane-of-focus positions. In the third
case, we fix the plane of focus at the nanojet maximum and
vary the point-source location.

The results of the three cases are shown in Fig. 15. The
location of the nanojet maximum is relatively far from
the particle, at d/1 = 0.84, and its FWHM is 0.5)1 [see
Fig. 15(a)]. Thus, putting a point source at this location
results in various interference effects (significant side lobes
and even the lack of a central peak) when the plane of
focus is near the particle [see Fig. 15(b) and the curves
for x/A = —3.354, x/A = —3.993 in Fig. 15(c)]. When
the plane of focus is further away from the particle, at
x/A = —4.755 and x/A = —11.936, the side lobes become
smaller and the central peak becomes wider. In order to
find the resolution, we need to account for magnification
for kd = 5.2626: M = 0.83 at x/A = —3.354; M = 0.99
at x/A =—-3.993; M =12 at x/A = —4.755; and M =
3.0 at x/A = —11.936. The best resolution, 0.42), is for
x/A = —4.755. If we fix the plane of focus [Fig. 15(a)],
the only possibility for obtaining an image is to put the
object right next to the particle [see Fig. 15(c)] but in this
case the image is rather broad, with a resolution of approx-
imately 1.6). Overall, comparing the nanojet width, 0.5X,
and the achievable resolution, we obtain that, depending
on the observation conditions, the resolution varies signif-
icantly. The highest resolution is 0.42) but the PSF has
significant side lobes. Again, the nanojet width and the
resolution are rather different.

IX. CONCLUSION

To conclude, the resolution of microsphere-based
nanoscopy has historically been studied using two dif-
ferent approaches. In the first approach, the resolution

was associated with the width of the photonic nanojets,
the justification being rooted in the reciprocity princi-
ple [1,28,33—43]. In the second, more direct, approach,
the resolution was defined as the FWHM of the PSF
[21-26]. This situation created an ambiguity, since no spe-
cific relation between the results of the two approaches was
established. In addition, rigorous experimental quantifica-
tion of the resolution, typically performed with imaging
nanoplasmonic structures, led to resolution values (approx-
imately A/7 [8,10—12,18]) that are higher than the reso-
lution estimations obtained by either of these theoretical
approaches.

We rigorously compare the results of the resolution-
quantification techniques by solving the Maxwell equa-
tions for focusing and for point-source emission. The
calculated PSF accounts for all transformation of the
evanescent near fields to the propagating field that can take
place for deeply subwavelength source-to-microsphere
gaps. The analysis is performed for refractive indexes of
ns = 1.4 for the particle and n, = 1 for the background, for
various particle sizes (10 < kR <30 or 3.2 < D/A < 9.5)
and particle-to-source distances 0 < d/A < 1. We show
that the reciprocity principle applied to focusing does
not provide accurate information about the resolution in
microspherical imaging.

Two imaging regimes, resonant and nonresonant, are
studied. The resonant imaging can be realized even for
broadband excitation due to the strong coupling of point
emission to WGMs. In the nonresonant regime and for
deeply subwavelength gaps, d < 0.152, the virtual images
are formed at distances of about D below the particle,
which significantly exceeds the wavelength. The resultant
depth of field is also much larger than the wavelength. The
image has rather high magnification and the resolution can
reach 0.4—0.5A. In the resonant regime, virtual images can
also be observed at distances of about A below the particles
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and with a smaller magnification. The resolution can reach
0.35X but the images suffer from side lobes. Moreover, the
use of very high-Q resonances makes imaging practically
impossible due to multiple side lobes.

Sources separated from the microspheres by distances
of about A can also produce images. One can obtain the
usual virtual images for rather large particles. In addi-
tion, for small particles there are images at distances at
about 1—1.51. The resolution of such separated sources
can reach 0.4—0.51.

In general, the obtained resolution in the nonresonant
cases is comparable to (but slightly worse than) the SIL
limit in a material with a refractive index equal to that of
the microsphere, that is, A/(2n;) = 0.36A. The resolution
in the presence of a background with n, > 1 will be higher
by the same value n, as long as n; increases proportionally.
This means that our results are applicable to a wide range
of situations in which high-index (n,~2) microspheres are
fully liquid immersed [6—8] or embedded in elastomeric
slabs [10—12]. Accounting for the background index means
that the resonant resolution can be about 0.2), while the
nonresonant resolution can be about 0.3A. Both resolution
values are worse than the experimentally measured ones.

We find that there is no significant quantitative corre-
lation between the nanojet width and the resolution pre-
dicted from the PSF. While there are certainly similarities
between focusing and imaging, they also have consider-
able differences, which make the use of nanojet properties
rather weakly relevant to imaging.

There is another effect related to photonic nanojets—the
possibility of strongly enhancing the backscattering of a
nanoparticle by placing it in the photonic-nanojet region
of a microsphere. As shown in Ref. [67], the enhance-
ment comes from the field focusing by the microsphere
and from the multiple scattering between the nanoparticle
and the microsphere. While the enhanced backscattering
may affect imaging to some extent, it is not likely to play
a role in the experimental superresolution. Indeed, in the
imaging experiments, the objects are separated from the
microspheres by distances much smaller than the wave-
length. In contrast, photonic nanojets reach a maximum at
distances comparable to the wavelength, unless the parti-
cle is small (see Fig. 6). The substrate can also prevent
nanojet formation. In addition, the enhanced backscat-
tering is not likely to explain the superresolution either.
Indeed, the illumination of a system consisting of a micro-
sphere and a nanoparticle (the imaged object) leads to
the excitation of optical polarization in the nanoparticle,
which can be calculated. After that, the nanoparticle can
be modeled as a polarization (or current) source without
affecting the field distribution outside of it. Due to the
smallness of the nanoparticle, the source can be approxi-
mated by the delta function with the calculated amplitude.
Moreover, the image is produced only by the fields emit-
ted by this current, so the fields created directly by the

external illumination can be left out when calculating the
virtual images. This leaves us with the exact problem con-
sidered here—the emission of a pointlike current. The
polarizability of the nanoparticle and its interaction with
the microsphere determines the source amplitude, which
affects the image contrast but not the PSF width.

In Ref. [24], the superresolution of microspheres was
attributed to the mechanism of scanning near-field optical
microscopy (SNOM), in which the microsphere acts as a
tip, enabling the conversion of evanescent waves to propa-
gating waves. Such transformations are fully accounted for
in our approach. Indeed, while we use cylindrical waves,
the radiation of the point source can also be expanded
into propagating and evanescent plane waves incident on
the microsphere. However, no superresolution is obtained.
Apparently, such conversion is rather weak due to the large
size of the microspheres. In addition, in some situations
the microspheres were partly immersed in a liquid such as
ethanol with n;, = 1.36 [18,68]. In such cases the refrac-
tive index contrast with silica microspheres (n; = 1.36)
at their bottom section exposed to the liquid is rather
small to expect significant refraction and conversion of
evanescent-to-propagating waves at this interface.

Thus, while the classical PSF is considered to be the
key characteristic in microscopy, it does not explain the
superresolution observed in the microspherical experi-
ments. It is a very compelling situation since theoretical
estimations, especially using ideal systems, commonly
overestimate experimental results. Microspherical imag-
ing certainly involves some physical mechanism that are
not accounted for here. For example, coherent effects
[25,60,64] can be especially pronounced in the presence
of localized plasmons [16,57,58] and WGMs.

More generally, it should be noted that the role of
plasmonics in achieving superresolution imaging through
microspheres can be quite dramatic. This role can be
revealed via two different mechanisms. The first is
related to localized plasmonic structured illumination
microscopy (LPSIM) [29,59], which stems from the
ideas of regular structured illumination microscopy (SIM)
[69,70]. In this approach, coupling with the periodic
nanoplasmonic array located just below the object leads to
a preservation of the information about the subdiffraction
features of the object, due to the folding of the pho-
tonic dispersions into the escape cone. Such information
presents in the form of Moire fringes and the reconstruc-
tion of the super resolved image requires postimaging
processing. The second mechanism becomes possible in
the case of using nanoplasmonic arrays with extremely
short periods (< 100 nm), which make coupling to the
band structure impossible [58]. In the latter case, fluo-
rescent objects can be locally coupled to “hot spots” in
the underlying plasmonic metasurface due to localized
surface-plasmon resonances in the adjacent metallic nan-
odisks of the arrays. In the case of sufficiently small gaps
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(< 20 nm) between the nanodisks, the hot spots can be
localized in the gaps separating them [71,72]. The emis-
sion mediated by coupling with such plasmonic hot spots
contains modes with very large in-plane & vectors, which
can be near-field coupled into the high-index microspheres
placed in contact with such objects and can contribute to
the formation of their virtual images. In contrast to a reg-
ular LPSIM, the latter mechanism does not require any
postimaging processing. Superresolution according to the
second mechanism has been proposed [57] and realized
[16,58] for the imaging of dye-doped nanospheres and
F-actin proteins. The use of nanoplasmonic arrays, as well
as the use of coherent or partly coherent illumination,
especially at oblique incidence, requires further theoretical
investigation and these factors can significantly increase
the experimental resolution of microspherical nanoscopy.
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