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Abstract

To improve the lateral resolution in microscopic imaging, microspheres are placed close to the object’ s surface in
order  to  support  the  imaging  process  by  optical  near-field  information.  Although  microsphere-assisted
measurements are part of various recent studies, no generally accepted explanation for the effect of microspheres
exists.  Photonic  nanojets,  enhancement  of  the  numerical  aperture,  whispering-gallery  modes  and  evanescent
waves  are  usually  named  reasons  in  context  with  microspheres,  though  none  of  these  effects  is  proven  to  be
decisive  for  the  resolution  enhancement.  We  present  a  simulation  model  of  the  complete  microscopic  imaging
process  of  microsphere-enhanced interference microscopy including a  rigorous  treatment  of  the light  scattering
process  at  the  surface  of  the  specimen.  The  model  consideres  objective  lenses  of  high  numerical  aperture
providing 3D conical illumination and imaging. The enhanced resolution and magnification by the microsphere is
analyzed  with  respect  to  the  numerical  aperture  of  the  objective  lenses.  Further,  we  give  a  criterion  for  the
achievable  resolution  and  demonstrate  that  a  local  enhancement  of  the  numerical  aperture  is  the  most  likely
reason for the resolution enhancement.
Keywords: Electromagnetic  modeling, Microsphere-assisted  microscopy, Interference  microscopy, Coherence
scanning interferometry, Simulation, Finite element method

 

 Introduction

lx,Abbe = λ/(2NA)
λ

Optical  measurement  techniques  collecting  light
intensity in the far-field such as conventional and confocal
microscopy  or  coherence  scanning  interferometry  (CSI)
enable  fast  and  contactless  inspection  of  several  types  of
specimens.  Thus,  optical  measurement  instruments  are
widespread  in  science  and  industry.  Nonetheless,  optical
measurement  instruments  suffer  from  diffraction  effects
leading to a fundamental lateral resolution limitation given
by  the  minimum  resolvable  period  length  of

  (Abbe-limit)  depending  on  the
illuminating  wavelength    and  the  numerical  aperture

(NA) of the objective lens1.
In order to overcome the resolution limit, microspheres2,

-cylinders3  and  other  microelements  such  as  solid
immersion  lenses  (SILs)4,  in  the  following summarized  as
microspheres,  can  be  applied  in  microscopic  imaging  and
measurement.  Microspheres  placed  close  to  the  surface
under  investigation  are  shown  to  enable  a  local
improvement  of  the  lateral  resolution  and  a  magnification
enhancement,  still  providing  full-  and  far-field
measurements and, thus, the measurement process remains
fast  and  contactless2,5−8.  For  a  comprehensive  review  of
microsphere-assisted microscopy we refer to Darafsheh9.
Furthermore, microspheres can be combined with CSI to

additionally  obtain  electromagnetic  phase  information  and
thus  to  achieve  an  outstanding  axial  resolution10−12.  Since
the  improvement  of  the  optical  resolution  is  of  great
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interest  in  many  fields  of  application  of  microscopic
imaging  (for  a  comparison  of  existing  methods  see13),
microsphere-enhanced  measurements  are  part  of  many
recent experimental and theoretical publications14−26.
Possible  applications  of  microsphere-assisted  micro-

scopy  and  interferometry  are  for  example  related  to  the
measurement of features of engineered surfaces with lateral
dimensions  beyond  the  resolution  limit  (see  e.g.2,9).  Since
microspheres  of  high  refractive  index  material  can  be
combined  with  immersion  objectives6  or  embedded  in
elastomers27,  microsphere-assisted  measurements  are  also
applicable  to  biological  and  medical  objects  such  as
viruses7,  sub-cellular  structures28  or  for  identification  of
blood-cells29.  Therefore,  microsphere-assisted  measure-
ments  are  used  in  a  large  range  of  applications  and hence
many  theoretical  studies  are  conducted  to  understand  and
analyze the phenomena leading to resolution-enhancement.
Sundaram  and  Wen16  present  a  finite  element  method

(FEM) based simulation model of a complete microscopic
imaging  process.  However,  their  model  is  restricted  to
small magnifications due to increasing computational effort
with  increasing  magnification,  since  the  lens  system  is
included in the FEM modeling. Further, their model is not
appropriate  for  simulating  CSI  measurement  results  in
realistic computation time. In addition, spatially incoherent
Köhler  illumination  usually  employed  in  conventional
microscopes and CSI is difficult to apply.
Hoang  et  al.30  present  a  full  modeling  of  coherent  3D

illumination  and  3D  imaging  considering  focusing  and
imaging  by  a  microsphere  approximating  the  scattering
object  to  emit  coherent  multipole  fields.  The  model  is
based  on  a  previously  published  simulation  of  a
microscopic system using SILs31.
Maslov and Astratov32−34 developed a model based on an

analytical  expansion  in  cylindrical  eigenfunctions
considering the imaging by an objective lens as a low pass
filter.  Simulations  are  performed to  analyze  the  resolution
studying  2D  imaging  of  two  spatially  separated  dipole
sources considering simulations of huge magnifications35.
We  present  a  simulation  model  considering  the  full

imaging  process  of  a  microsphere-enhanced  interference
microscope  working  in  reflection  mode  equipped  with
objective lenses of high numerical  aperture using an FEM
calculation of  the near-field scattering process.  In  contrast
to previous theoretical models, we consider full 3D conical
Köhler illumination with incident waves as well as conical
imaging  of  the  scattered  light  field  by  the  microsphere,
whereby arbitrary shaped profiles of various materials can
be included. Additionally, a depth-scan is implemented. As
mentioned by Wang and Luk’yanchuk36  such a  simulation
model  is  missing  in  present  literature.  Therefore,  such

measurement results of microsphere-enhanced microscopes
and  interferometers  in  reflection  mode  are  not  reproduced
by simulations till now.
Instead,  possible  causes  of  the  resolution  enhancement

such as photonic nanojets (PNJs) (see e.g.2,37),  whispering-
gallery  modes  (WGMs)  (see  e.g.3,15,19,38)  and  evanescent
waves  (EWs)  (see  e.g.5,6,23,39)  are  speculatively  discussed
and studied in aforementioned publications, but not proved
to be the crucial effects as complained by Wang and Luk’
yanchuk36 and Darafsheh9. Further, recent studies show that
a  local  enhancement  of  the  numerical  aperture  by  the
sphere  is  a  likely  reason  for  resolution  enhancement9.
Maslov  and  Astratov34  demonstrate  that  the  width  of  the
point spread function (PSF) is a more reliable measure for
resolution  compared  to  the  width  of  the  PNJ,  what  is  an
additional  evidence  for  the  local  enhancement  of  the  NA,
since  the  NA-enhancement  is  similarly  to  the  PSF closely
related to the imaging properties of the sphere.
Our model reliably reproduces measurement results as it

is demonstrated for several surface topographies measured
with  CSI  as  well  as  confocal  microscopy  without
microsphere  support  in  previous  studies40−42.  A  first
quantitative  comparison  with  measurement  results  of
microsphere-assisted interferometry is given in43. Using the
model,  we  present  a  way  to  qualify  the  resolution
enhancement  by  a  microsphere  and  demonstrate,  that  the
relative improvement of the lateral resolution as well as the
enhanced lateral  magnification decrease,  whereas the field
of  view increases  for  larger  NA values  of  the  microscope
objective lens.
The  paper  is  structured  as  follows.  Since  various

definitions and different ways of quantifying resolution are
applied  in  context  with  microsphere-assisted  microscopy
and  interferometry  (see  for  example44,45)  we  give  a  short
introduction  to  common  definitions  of  resolution  first  to
put  our  results  in  a  proper  context.  Thereafter,  the
modeling  and  the  associated  setup  are  explained.  Results
presents an approach to analyze the resolution enhanced by
the  microsphere  with  respect  to  the  definition  given  in
Common definitions of resolution and classification of this
work.  In Discussion the approach is  applied to investigate
the  resolution  enhancement  with  respect  to  its  possible
causes  for  various  NA  values  of  the  objective  lenses.
Finally (Conclusion), the main results are summarized and
possible future applications are given.

 Common  definitions  of  resolution  and
classification of this work
Due  to  diffraction,  optical  imaging  and  measurement

instruments  working  in  the  far-field  are  subject  to  the
fundamental  lateral  resolution  limit.  In  practice,  there  are
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several  resolution  criteria  applied,  depending  on  different
more or less arbitrary theories and fields of application. In
this section, we briefly introduce common lateral resolution
criteria  applied  to  conventional  microscopy,  distinguish
between  2D  and  3D  resolution  for  CSI  and  discuss  our
work  in  context  with  these  definitions.  For  a  detailed
overview of resolution in microscopy we refer to1. Further,
a  more  detailed  description  especially  with  respect  to
‘super-resolution’  was  published  by  Sheppard46.  An
overview  in  the  context  of  microsphere-assisted
microscopy can be found in9.

lx = Kλ/NA

NA = nsin(θmax)
n
θmax

K = 0.5, 0.609, 0.473
0.515

In  general,  all  resolution  criteria  lead  to  a  minimum
distance    between  two  surface  features,  at
which the features can be distinguished in the microscopic
image  if  no  aberrations  appear,  with 
depending  on  the  refractive  index    of  the  surrounding
medium and  the  maximum half-angle    covered  by  the
objective lens. Simply the factor   and

  differs  according  to  Abbe,  Rayleigh,  Sparrow  and
Houston criterion, respectively9.
Abbe’s  fundamental  resolution  limit  considers  the

imaging of an optical grating, which diffracts incident light
in  several  diffraction  orders  with  angular  distances
depending  on  the  illuminating  wavelength  and  the  period
length of the grating. According to Abbe, the period of the
grating can be reconstructed from the image, if the 0th and
either  the  1st  or  the  −1st  order  of  diffraction  are  captured
by the objective lens.
The  latter  three  resolution  criteria  are  based  on  the

imaging  of  two  spatially  separated  point  objects,  which
need to be distinguished in image plane. These criteria are
defined more or less arbitrarily to specify whether the point
objects can be distinguished or not.
Therefore,  if  point-like  objects  are  investigated  as  it  is

for  example  usually  the  case  for  biological  objects,
typically  one  of  these  three  criteria  is  applied.  In  the
context  with  microspheres,  corresponding  studies  are
performed by e.g. by Maslov and Astratov32−34.
On  the  other  hand,  if  technical  objects  such  as  phase

gratings  are  measured,  usually  the  Abbe  limit  is
considered. However, it should be mentioned that all of the
named resolution criteria are related to 2D resolution in the
image plane, since measured heights are not considered.
Having regard to  3D imaging,  which is  usually  done in

CSI,  more  complex  definitions  based  on  the  modulation
transfer function (MTF)1 or the instrument transfer function
(ITF)47 describing the  imaged intensity  contrast  nomalized
by  the  maximum  contrast  or  the  measured  height  of  a
surface profile normalized by the nominal value depending
on  the  spatial  frequency,  respectively,  can  be  considered.
An  even  more  complex  definition  of  the  transfer

characteristics  is  given  by  the  3D  transfer  function  (3D
TF)1,48−50, which considers the transfer characteristics in 3D
spatial  frequency  domain  and  thus  can  be  applied  to
conventional microscopy as well as CSI. It should be noted
that integration of the 3D TF with respect to the coordinate
along the optical axis leads to the conventional MTF50.
However, since we are mainly interested in the absolute

resolution limit achieved through the use of a microsphere
considering the imaging of phase gratings,  we analyze the
resolution  enhancement  with  respect  to  the  definition  of
Abbe  in  this  study.  Note  that  the  resolution  limit  in  this
case  is  related  to  the  period  length,  i.e.  the  spatial
frequency of the grating and, therefore, the MTF, ITF and
3D TF are restricted by the fundamental resolution limit as
well. For example, considering a blu-ray disk consisting of
100 nm wide stripes separated by 200 nm wide grooves the
period length and therewith the achieved lateral resolution
in  our  case  would  be  at  least  300  nm  instead  of  100  nm
compared  to  the  definition  by  Wang  et  al.2  as  similarly
complained by Lecler et al.21 and Darafsheh9.
Finally, it should be noted that interferograms presented

in this study (see e.g. Results) are images obtained from an
interferometer  during  a  depth-scan.  Since  CSI
measurements are based on the same microscopic imaging
properties  as  conventional  microscopes,  the  fundamental
resolution limit is expected to be exactly the same in both
in  contrast  to  e.g.  confocal  microscopy,  where  the
resolution enhancement is influenced by the confocal effect
and, thus, cannot be solely attributed to the microsphere as
complained  by  Darafsheh44.  All  spatial  frequencies
contributing  to  a  microscopic  image  contribute  to  an
interferogram  as  well.  Especially  the  phase  evaluation  is
performed for certain spatial frequency ranges of an object’
s  structure  as  explained  by  Lehmann  et  al.51.  Hence,  the
resolution limit obtained by CSI in this study is applicable
to conventional microscopy, too.

 Setup and modeling
r = 2.5

nsphere = 1.5
A  microcylinder  of  radius    μm  with  refractive

index    is  placed  on  a  silicon  sinusoidal  phase
grating  with  peak-to-valley  amplitude  of  25 nm.  The
amplitude  is  chosen  to  be  small  in  order  to  avoid  phase
jumps  and  significant  influences  of  multiple  scattering
effects.  On  the  other  hand,  the  amplitude  must  not  be
chosen  too  small  so  that  phase  differences  caused  by  the
grating  exceed  numerical  inaccuracies.  Therefore,  height
changes  in  the  range  of  25  nm are  large  enough  to  affect
the  signals,  though  the  maximum  radius  of  surface
curvature  remains  significantly  smaller  compared  to
wavelengths  in  the  visible  range  and  thus  the  surface
profile  can be  approximately  treated as  a  phase  object51−53.
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The bottom of the microcylinder is placed 5 nm above the
peak of the highest point of the surface in the middle of the
geometry.

Lx = 13.2

Lx = 13.2

The  whole  setup  considering  the  microcylinder  on  the
grating  structure  is  assumed  to  be  periodic  with  a  period
length  of    μm.  In  many  experimental  studies
microspheres  are  placed  on  the  surface  next  to  each  other
(see  e.g.5,6,12,54).  Hence,  periodically  arranged  microspheres
obviously  do  not  disturb  the  resolution  enhancement  and
the  assumption  is  legitimate.  Changing  the  period  length
between  10  μm  and  20  μm  does  not  affect  the  results
apparently.  Therefore,  we  confine  our  results  to  the  given
period  length  of    μm.  Note  that  in  contrast,
periodicity  of  the  measurement  object  under  the  sphere
affects  the  resolution  as  experimentally  demonstrated  by
Zang  et  al.55  and  discussed  by  Darafsheh44  and  Allen  et
al.56,57.

= 0.9 λ = 440

n = 4.7911+0.17032i λ =

440

The  surface  profile  is  obtained  using  a  Linnik
interferometer  as  sketched  in  Fig. 1.  In  this  study
monochromatic spatially incoherent Köhler illumination is
used (see blue lines in Fig. 1). The light source is chosen to
be  monochromatic  since  for  objective  lenses  of  high  NA
and  narrow  bandwidth  light  sources  temporal  coherence
effects  are  usually  negligible.  The  NA  of  the  objective
lenses and the monochromatic illumination wavelength are
given  by  NA  and    nm if  no  other  values  are
explicitly  mentioned,  the  magnification  factor  is  100,  the
pixel  width  is  assumed  by  3.5  μm  oriented  to  the  setup
used by Hüser and Lehmann12. The refraction coefficient of
the  silicon  grating  is    for 

  nm58.  The  reference  mirror  assumed  is  a  plane

n = 0.59969+5.3328ialuminum  mirror  ( ).  The  incident
light  is  chosen  to  be  TM-polarized,  as  the  image  contrast
was  shown  to  be  significantly  higher  for  TM-polarized
light in microscopy6 and a similar effect of polarization was
found  in  phase  modulation  in  interference  signals  of  our
CSI simulations and measurement results.

Ein

The scattering of an incident plane wave of electric field
  at  the  surface  structure  including  the  microsphere  is

simulated  with  FEM.  Fig. 2  illustrates  the  scattering
geometry  including  the  boundary  conditions.  The
differential  equation  to  be  solved  is  the  vector  wave
equation  described  in41.  Since  the  setup  is  assumed  to  be
periodic, quasi-periodic boundary conditions, composed of
a periodic function multiplied by a phase term according to
the  incident  wave,  are  applied.  The  top  and  bottom
boundaries  are  extended  by  virtual  damping  layers  called
perfectly matched layers (PML) damping the scattered and
transmitted parts of the electric field exponentially to zero
avoiding reflections  at  the  interfaces.  The incident  field  is
is  introduced  into  the  simulation  domain  by  the  Dirichlet
boundary  condition  applied  at  the  top  of  the  upper  PML
and a source term defined inside the upper PML, since only
the  scattered  field  is  affected  by  the  PML.  As  the
transmitted field is damped to zero in the bottom PML, the
electric field is set to zero at the bottom boundary to reduce
degrees  of  freedom.  The  boundary  conditions  used  in  this
study are related to59,60.
A  more  detailed  description  of  the  FEM  model  can  be

found in41.  Further,  it  should be noted that  a  3D modeling
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Fig. 1 Schematic  representation  of  a  microsphere-enhanced  Linnik
interferometer. The Köhler illumination beam path is marked by blue
lines,  the imaging ray path by red lines.  BS denotes a beam splitter,
MO a 100× microscope objective with NA . 
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Fig. 2 Illustration  of  the  FEM  simulation  domain  consisting  of  two
perfectly matched layers (PMLs), the microsphere ( ) of radius
 surrounded by air ( ) placed on the surface of the measurement
object ( ), which is periodic with a period length of  . The left
and  the  right  boundaries  are  connected  by  quasi-periodic  boundary
conditions  with  the  period  length  ,  the  top  and  bottom  boundary
conditions are given by   at the top and   at the bottom as
shown  in  the  figure.  The  far-field  is  computed  based  on  the  field
along the far-field expansion line marked by the red dashed line. 
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of  the  illumination  and  scattering  is  implemented.
Therefore,  although  a  2D  geometry  is  discretized,  also
oblique out-of-plane angles of incidence are considered. In
order  to  solve  a  3D  vector  equation  discretizing  a  2D
domain, the equation is split in parts parallel and vertical to
the  plane  of  the  domain  similar  to  the  waveguide  model
described in61.
The  resulting  boundary-value  problem  described  in41  is

solved using the  open-source software  NGSolve62.  For  the
parallel part of the electric field Nédélec elements of third
order  are  used,  the  vertical  part  is  approximated  by
Lagrange elements of the same order61.
The  far-field  is  calculated  along  a  line  placed  closely

above  the  sphere  (see  red  dashed  line  in  Fig. 2).  With
respect to periodic structures, the far-field is calculated by
Fourier series expansion of the electric field obtained along
this line63.
Furthermore,  the  simulation  is  repeated  for  a  discrete

number  of  incidence  angles  representing  a  3D  cone  of
incident  light  rays  restricted  by  the  NA  of  the  objective
lenses.  A  detailed  description  of  the  modeling  of  the
scattering as well as the imaging process in the interference
microscope is given in a previous publication41.

y

It should be mentioned, that usually spheres are used for
measurements2,6,7,10−12,64,  since  microcylinders  generate
resolution  enhancement  in  one  dimension  only.  On  the
other  hand,  the field of  view of  the area magnified by the
cylinder is only restricted in one dimension. However, also
microcylinders realized by chemically etched fibers3,65−67 or
spider  silk8  are  shown  to  improve  the  lateral  resolution
capabilities  of  an  optical  microscope.  In  simulations
commonly microcylinders are considered10,12,23,68−71, since the
computational  effort  is  drastically  reduced  for  surface
structures,  which  are  invariant  under  translation  in  one
direction  (here  -direction).  Further,  the  general  effects
leading  to  resolution  enhancement  are  expected  to  be  the
same  for  microspheres  and  -cylinders.  This  study  shows
CSI  simulations,  where  FEM  near-field  calculations  need
to  be  repeated  for  discrete  angles  of  incidence  considered
by the NA of the objective lenses41.  Due to the incoherent
illumination,  the  intensities  related  to  different  angles  of
incidence and not the electric fields superimpose and thus,
the  superimposition cannot  be  considered before  the  FEM
calculation.  Hence,  the  presented  approach  considers
microcylinders, but is also applicable for 3D microspheres
at  the  cost  of  an  increased  computational  burden.  In
addition,  the  approach  to  study  the  resolution  limit  of
microcylinders  presented  in  the  following  is  applicable  to
microspheres  in  the  same  manner  although  the  obtained
resolution  criteria  for  microcylinders  probably  cannot  be
exactly applied to those of microspheres.

 Results

λ = 440 λ = 480.76
λ = 480.76

n = 4.4172+0.086546i
n = 0.74206+5.8235i

I ∼ |E|2 E = Ein+Es

Ein

Es lx

λ = 440
λ = 480.76

Fig. 3  displays  extracts  of  simulated  fields  in  the  range
of  the  sphere  obtained  for  vertically  incident  plane  waves
with wavelength   nm (Fig. 3a, c, d) and 
nm (Fig. 3b). In case of   nm the refractive index
is  assumed  to  be    for  silicon  and

  for  aluminum58.  Fig. 3  shows  the
intensity    of  the  total  electric  field  ,
which is given by the sum of the incident field   and the
scattered  field  .  The  period  length    of  the  sinusoidal
silicon grating in Fig. 3a, b equals 300 nm. Besides slightly
different  wavelengths,  Fig. 3a,  b  differ  in  the  intensity
distribution  inside  the  microsphere.  In  contrast  to  an
illuminating wavelength of   nm (Fig. 3a),  a  WGM
occurs  for    nm  in  Fig. 3b  at  the  boundaries  of
the  sphere19,72,73.  Due  to  the  WGM, also  the  fields  close  to
the  surface  profile  differ.  Since  WGMs  are  frequently
mentioned as the reason of the super-resolution effect15,19,38,
we  compare  results  obtained  for  both  of  the  presented
wavelengths  with  respect  to  the  observed  resolution
enhancement.  It  should  be  noted  that  the  field  inside  the
sphere  is  given  by  the  superposition  of  the  incident  field
and  the  field  reflected  or  scattered  by  the  surface.  Hence,
the WGM does not appear as significant as expected for an
excitation  by  point-sources  and  it  is  further  influenced  by
the interaction with the surface.

λ = 440

Fig. 3c  presents  the  intensity  obtained  from  a  plane
dielectric  surface  of  the  same  material  (for  simplicity
marked  as   ‘mirror’  in  the  figure)  for    nm.
Comparing  Figs. 3a,  c  no  significant  differences  are
apparent  leading  to  the  conclusion  that  the  conversion  of
evanescent to propagating waves is negligible as expected,
due  to  the  small  amplitude  of  the  grating  profile.  If  the
propagation of  evanescent  waves  generated by the  grating
would be enhanced by the microsphere, a more significant
difference in the intensity distribution is to be expected. In
both figures, three intensity maxima under different angles
are  visible.  Since  Fig. 3c  is  related  to  a  plane  dielectric
surface, these maxima are not due to the grating structure.
Fig. 3d  shows  the  intensity  obtained  from  a  sphere

floating  in  air.  Here,  the  two  outer  of  the  aforementioned
three  intensity  maxima  still  occur.  Hence,  these  maxima
follow  from  illumination  and  internal  reflection  at  the
sphere  and  not  from  reflection  at  the  object  under  the
sphere.  Furthermore,  an  intensity  maximum  known  as
photonic  nanojet14  appears  under  the  sphere.  A  recent
review  of  photonic  nanojets  and  their  applications  can  be
found in74. Since the PNJ occurs approximately 1 μm below
the  bottom  of  the  sphere  for  given  parameters,  it  will  not
exist anymore if the sphere is placed directly on the object’
s surface.
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0 ≤ φin ≤ 2π 0 ≤ θin ≤ arcsin(NA)
φin θin

Computing  scattered  fields  similar  to  those  shown  in
Fig. 3 for discrete angles of incidence within a cone limited
by    and  ,  where  57
discrete azimuth angles   and 29 discrete polar angles 
with respect to the optical axis are used, and simulating the
imaging  process  in  a  Linnik  interferometer  according  to41,
interference  signals  also  known  as  interferograms,  which
are similar to those detected by a camera in reality, result.

lx = 300

z
2.5 3

Fig. 4  shows  extracts  of  simulated  interferograms
obtained  from  a  plane  dielectric  surface  (Fig. 4a),  a
sinusoidal  grating  with    nm  (Fig. 4b)  and  an
inverted sinusoidal  grating of  the same period (Fig. 4c).  It
should  be  noted  that  the  interference  component  of  the
intensity  is  shown  and,  thus,  negative  intensity  values
occur.  In all  three cases,  the focal plane of the sphere,  i.e.
the  plane  where  the  maximum  interference  contrast
appears, is shifted in positive  -direction by approximately

-  μm compared to the virtual  image plane sketched in
Fig. 1 and marked by the black dashed line in Fig. 4a. It is
a  well  known  effect  that  the  virtual  image  plane  differs
from  the  object  plane  shifted  by  the  sphere11,12.  The
interference signals show an envelope, which occurs due to
the  high  NA  of  the  objective  lenses  (also  known  as
longitudinal  spatial  coherence75).  In  general,  the  simulated
interferograms  show  good  agreement  with  measured
signals published by Hüser et al.43,76.

π

In the magnified area in Fig. 4b, c,  the grating structure
can  be  seen  as  a  phase  modulation  of  the  interference
signals.  Comparing  the  two  subfigures,  the  phase
modulation seems to be inverted (shifted by  ) in Fig. 4c in
contrast  to  Fig. 4b.  Therefore,  the  phase  changes  in  the
interferograms  from  the  surface  section  under  the  sphere
result  from  the  grating  profile.  The  simulated
interferograms  can  be  evaluated  by  conventional  CSI
signal  processing.  In  our  case,  height  values  are  found by
envelope  and  phase  detection77,78.  In  the  following  a
numerical  approach  to  analyze  the  lateral  resolution
capabilities  of  microsphere-assisted  interferometer  is
explained.

λ = 440
lx = 300

z

NA = 0.9

Fig. 5a presents an interferogram obtained for an NA of
0.52,  an  illumination  wavelength  of    nm  and

  nm.  Compared  to  Fig. 4  the  envelope  of  the
interferogram is broadened and shows clearer side lobes in
-direction in the areas besides the sphere.  This effect  can
be  simply  explained  by  the  lower  NA  value  compared  to

  in  Fig. 4.  The  evaluation  is  performed  over  an
area under the sphere centered around the focal plane of the
sphere as marked by the rectangle in Fig. 5a.
In  order  to  find  an  evidence  that  profiles  are  resolved

according  to  the  Abbe  limit  as  described  in  Common
definitions  of  resolution  and  classification  of  this  work,
interference patterns are calculated for a sinusoidal grating
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Fig. 3 Simulated intensities in the area in and around the sphere for a TM-polarized plane incident wave with wavelength   nm (a, c, d) and
 nm (b) assuming a microcylinder of   μm with refractive index  . The microcylinder marked by the blue circle is placed on

a sinusoidal grating with period length   nm and peak-to-valley amplitude of   nm (a, b), a plane dielectric surface (mirror) (c) and
floating  in  air  (d).  The  plot  shows  the  intensity  of  the  total  field,  which  is  given  by  the  sum  of  the  incident  field  and  the  scattered  field.  The
configuration is  assumed to be periodic  with a  period length of  13.2 μm. For   nm a WGM appears.  In  air  a  photonic  nanojet  occurs
under the microcylinder. 
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henv

hph

profile  and  its  inverse  similar  to Fig. 4b,  c.  Envelope  and
phase  evaluation  of  the  interferograms  of  the  grating  and
the  inverted  grating  structure  result  in  the  profiles
displayed in Fig. 5b. In the following the result of envelope
evaluation  is  named  envelope  profile  ,  the  phase
evaluation result is called phase profile  .

lx = 300
lx,Abbe > 423

In both, the envelope and the phase profiles, the grating
profile  under  the  sphere  is  clearly  resolved,  although

 nm is well below the maximum resolvable period
length    nm  according  to  the  Abbe  resolution
limit calculated for the NA value of 0.52 considering air as
the  surrounding  medium.  Hence,  the  microcylinder
enhances the lateral resolution.

λ/2n
n

It  should  be  noted  that  in  case  of  SILs4  the  maximum
achievable  resolution  would  be  improved  to 
considering  the  refractive  index    of  the  SIL.  Hence,  the
resolution  limit  using  an  ideal  SIL  should  be  well  below
300 nm. Nonetheless, in case of SILs, which are based on

n = 1.4 n = 1.6

n = 1.5

evanescent wave coupling, the SIL must be pressed on the
objects  surface,  what  is  only  given  for  a  negligible  small
area  under  the  sphere  in  our  setup  and  for  phase  objects
generally hard to implement. Furthermore, as it is shown in
Fig. 6b  in the next  section,  the resolution is  still  enhanced
for  a  distance  of  500  nm  between  the  sphere  and  the
objects  surface.  Additionally,  simulation  results  show that
the  observed  lateral  resolution  limit  is  not  significantly
influenced  changing  the  refractive  index  of  the  sphere
between    and  .  Therefore,  a  microsphere
cannot be considered similar to an SIL and thus we analyze
the  resolution  enhancement  with  respect  to  the  resolution
limit  with  air  as  the  surrounding  medium  for  .  A
comparison  between  SILs  and  microspheres  is  given  by
Darafsheh et al.79.
Further,  the  period  length  is  magnified  by  a  factor  of

approximately two. The amplitude of the envelope profiles
in  the  area  under  the  sphere  significantly  increases  by  a
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Fig. 5 Extract of an interferogram simulated with   nm,   and   nm (a). The area, which is evaluated by envelope (env) and
phase  (ph)  evaluation  is  marked  by  the  black  rectangle.  Phase  and  envelope  profiles  obtained  from  the  presented  interferogram  as  well  as  an
interferogram of the inverted grating (indicated by i) are displayed in (b). The differences   between the profiles according to (b) are presented in
(c). The standard deviation of   is used in order to analyze the resolution limit. 
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factor  larger  than  10  compared  to  the  real  profile,  the
height  of  the  phase  profile  approximately  corresponds  to
the  nominal  height  of  25  nm  (see  Fig. 5b).  Such  an
increased  amplitude  in  the  envelope  profile  can  be
observed  for  sinusoidal  shaped  profiles  in  other  CSI
measurements and simulations without microspheres, too41.
In addition,  in Fig. 5b  the envelope and the phase profiles
are  inverted  with  respect  to  each  other.  This  behavior  can
be  explained  by  the  transfer  characteristics  of  the
measurement instrument (in this case including the sphere)
as  shown  for  standard  CSI  measurements  by  Lehmann  et
al.49.

h(x) hi(x)

∆h(x) = h(x)−hi(x)

The  height  profiles  ,    of  the  grating  and  the
inverse grating are subtracted from each other and depicted
in Fig. 5c after the constant offset was subtracted. Thus, the
difference    of  the  height  profiles  is
mainly  influenced  by  the  grating  structure  and  hence,  the
standard deviation

std =
1

N −1

N∑
j=1

∆h(x j) (1)

N
x j x

j
∆h(x) = 0 std = 0

is  used  as  a  quantity  for  the  resolution,  where    is  the
number of evaluated pixels and    the  -value assigned to
the  th  pixel.  If  the  grating  is  not  resolved  by  the
interferometer  system,    and  hence    is
expected. In the following this approach is used in order to
analyze  the  influence  of  the  wavelength,  the  distance
between  sphere  and  surface  as  well  as  the  NA  on  the
resolution enhancement.

 Discussion
(∆h)

∆h(x)

lx

std(∆h)
λ = 440 λ = 480.76

std(∆h(x))

std(∆h) = 0

std(∆h) > 0

Fig. 6a  shows  the  standard  deviation  std   of  the
differences   according to Eq. (1) of calculated height
values obtained from a grating and its inverse (see Fig. 5c)
as a function of the period length  . Therefore, each point
shown in Fig. 6a is computed by the approach presented in
Fig. 5.    is  calculated  from  envelope  and  phase
profiles  for  the  wavelengths    nm  and 
nm,  respectively.  Thus,  results  are  obtained  for  one
wavelength exciting a WGM and another, which does not,
as shown exemplary in Fig. 3.  In both cases,  the envelope
profile  shows  higher  amplitudes  compared  to  the  phase
profile, what is consistent to the result shown in Fig. 5b, c.
As  expected,    decreases  with  smaller  period
length for both wavelengths and evaluation methods. If no
information  about  the  grating  profile  is  captured  by  the
objective  lens,  the  results  for  a  grating  and  its  inverse  do
not  differ  and thus  .  Hence,  the  grating can be
seen  as  resolved  with  regard  to  the  Abbe  limit  for

.

λ = 440

x
x

x

x

For longer period lengths and   nm the std value
does  not  continuously  decrease  with  decreasing  period
length.  This  can  be  explained  with  regard  to  Fig. 5c.  For
every  period  length  the  std  is  calculated  considering  the
same  -range  and  thus  a  varying  number  of  periods.
Further,  the  observed  amplitude  changes  along the  -axis.
Therefore,  the  determined  std  value  is  affected  by  the
chosen  -range  depending  on  the  period  length  and  light
wavelength. However, we are not interested in the amount
of  the  std  value  but  in  the  resolution  limit,  which  is
independent of the  -range.

λ = 440 λ = 480.76

λ = 440
lx = 200

lx = 244 λ = 440 NA = 0.9

Comparing  the  results  for    nm  and 
nm,  the  curves,  and therewith  the  lateral  resolution limits,
are  shifted  by  approximately  20  nm,  what  corresponds  to
half  the  difference  of  the  wavelengths.  Therefore,  the
resolution  limit  is  not  considerably  improved  using
incident  light  exciting  a  WGM in  this  case  leading  to  the
conclusion that WGMs are not the major effect responsible
for  the  resolution  enhancement  as  proposed  in  previous
speculative  discussions3,15,19,38.  Nonetheless,  for  both
wavelengths  the  resolution  limit  seems  to  be  significantly
better  compared  to  the  lateral  Abbe  resolution  limit
calculated  for  the  corresponding  wavelength.  In  case  of

  nm,  the  obtained  lateral  resolution  limit  is
somewhere  in  the  range  of    nm.  For  comparison,
the  lateral  resolution  limit  according  to  Abbe  would  be
given by   nm for   nm and  .
It  should  be  mentioned  that  only  a  case  study  is

presented  and  the  lateral  resolution  probably  could  be
further  improved  if  optimal  parameters  (radius  and
refractive  index)  of  the  sphere  and  immersed  high-index
microspheres  are  being  used  as  shown  experimentally  in
several  studies  (see  e.g.6,28).  As  a  further  example,  Hao  et
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Fig. 6 Standard  deviation  of    (exemplary  shown  in  Fig. 5c)  as  a
function of the period length   for two different wavelengths 
nm  and    nm,  hence  with  and  without  WGM  (a).  std  is
calculated from envelope (Env.) as well  as phase (Ph.)  analysis.  For
phase  analysis  the  evaluation  wavelengths    nm  and

 nm, respectively, are used. The axial distance   between
the  sphere  and  the  highest  point  of  the  profile  is  varied  for 
nm and   nm in (b). 
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λ = 440

al.5 show that partially immersed microspheres enhance the
contrast  and  comparatively  decrease  the  magnification  in
microscopic imaging. However, finding an ideal parameter
setup is not topic of this study and the parameters used are
obviously sufficient to analyze the resolution enhancement
effect.  Further,  simulation  results  show  that  changing  the
radius of the sphere between 5 μm and 7 μm as well as the
refractive index between 1.4 and 1.6 does not significantly
affect the obtained resolution limit. Hence, in the following
only the wavelength   nm and the parameters given
in previous sections are considered for further analyzes.

std(∆h)
d

lx = 220
d = 0

d
lx = 220

d

Fig. 6b displays   depending on the axial distance
 between the  highest  point  of  the  surface  and the  lowest

point  of  the  sphere  for    nm,  which  is  resolved  in
Fig. 6a  for  .  Thus,  the  distance  between  sphere  and
surface  is  increased  with  larger  values  of  .  According to
the  Abbe  resolution  limit    nm  should  not  be
resolved  in  air.  In  agreement  to  measurement  results
obtained  by  Allen  et  al.56  the  std  values  decrease  with
increasing  distance    in  the  envelope  and  phase  profiles.
This observation is an indicator for evanescent waves or an
enhancement of the numerical aperture as the main reason
for the resolution enhancement.

NA = 0.9 NA = 0.69
NA = 0.52 NA = 0.31

Fig. 7  shows  results  similar  to  Fig. 6a  for  various
numerical  apertures  of    (Fig. 7a), 
(Fig. 7b),    (Fig. 7c),    (Fig. 7d),

NA = 0.12 NA = 0.04

λeval

λeval = 650
NA = 0.9 λeval = 600 NA = 0.69 λeval = 550
NA = 0.52 λeval = 520 NA = 0.31 λeval = 500
NA = 0.12 λeval = 450 NA = 0.04

NA = 0.9 NA = 0.4

±

  (Fig. 7e)  and    (Fig. 7f).  Hence,
Fig. 7a  depicts  the  same  result  shown  in  Fig. 6a.  The
bottom row of Fig. 7 only displays the phase results, as the
constriction  of  the  envelope  for  small  NA  values  with
monochromatic  illumination  is  too  weak  to  detect  a
maximum intensity value reliably. Note that the evaluation
wavelength    used  for  the  phase  evaluation  is  adjusted
with  respect  to  the  numerical  aperture  to    nm
( ),    nm  ( ),    nm
( ),    nm  ( ),    nm
( )  and    nm  ( )  since  the
central  wavelength  of  interference  signals  increases  with
increasing NA values51. Comparing Fig. 7a-f, the resolution
seems  to  be  independent  of  the  numerical  aperture.
Therefore,  the  relative  resolution  gain  with  respect  to  the
Abbe  limit  clearly  increases  with  decreasing  NA  values.
This  observation  is  in  good  agreement  with  experimental
results  obtained  by  Darafsheh  et  al.79  comparing
microscopic  pictures  imaged  by  objective  lenses  with

  and  .  Nonetheless,  especially  for
extremely  small  NA  values  the  resolution  would  be
expected to decrease, since the  1st diffraction order needs
to be captured by the objective lenses in order to resolve a
grating structure.
To  investigate  the  unexpected  small  resolution  limits

obtained  for  small  NA  values,  Fig. 8  shows  the
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Fig. 7 Standard deviation of   (exemplary shown in Fig. 5c) as a function of the period length   for NA   (a), NA   (b), NA   (c),
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(Env.) and phase profiles, the lower row (d-f) only the phase result, since the envelope is too weak to detect a maximum intensity value reliably. 
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∆I

∆h

x
3.5

corresponding  differences    of  the  interference  intensity
signals  of  the  300  nm  grating  and  the  corresponding
inverted  grating  as  well  as  the  differences  of   obtained
by phase evaluation for different numerical  apertures.  The
height  profiles  are  only  considered  with  an  -range  of

 μm under the sphere as explained in Fig. 5.

∆I ∆h

Obviously,  the  lateral  magnification  of  the  grating
profile  significantly  increases  for  small  NA  values,  what
can be observed by the number of  imaged grating periods
in   as well as  . Note that the considered magnification
is  not  solely  related  to  the  imaging  capabilities  as  for
example  defined  by  Astratov  et  al.35,  but  simply
corresponds to the number of periods imaged by the whole
imaging  system  including  the  microsphere,  and  is  hence
inverse to the width of the field of view.

x
λ = 480.76

NA = 0.31

With  regard  to  the  height  profiles,  the  observed
amplitude of the grating varies significantly with the lateral
position  .  Similar  results  can  be  observed  for  a
wavelength  of    nm.  Thus,  the  results  are  not
limited  to  a  single  wavelength,  but  represent  a  general
phenomenon  in  microsphere-assisted  measurements.
Considering the height  and shape of the profiles in Fig. 8,

  seems  to  provide  the  best  result.  The  NA
dependent  magnification  can  be  explained  with  respect  to
Fig. 3,  where simulated fields are shown for light incident

vertically.  Due  to  the  focusing  effect  of  the  sphere  only  a
small area of the grating structure is illuminated. For higher
numerical  apertures  the  sphere  is  also  illuminated  by
oblique angles of incidence leading to a lateral shift of the
focal  area  and  thus  a  lateral  scanning  of  the  grating
structure.  Therefore,  for  higher  numerical  apertures  more
periods  are  imaged  compared  to  smaller  numerical
apertures  resulting  in  a  larger  field  of  view  and  therewith
an NA dependent magnification.

λ = 440
NA = 1.0

±

The  observed  results  lead  to  the  conclusion,  that
microspheres  act  as  additional  lenses  placed  in  the  near-
field  increasing  the  effective  numerical  aperture  locally
independent  of  the  initial  NA  of  the  objective  lens.  The
obtained  resolution  limit  seems  to  be  slightly  below  the
Sparrow limit1 which results in 207 nm for   nm and

.  Since  only  a  small  area  of  the  surface  is
illuminated by the sphere instead of the whole grating, the
Sparrow  limit  can  be  considered  in  this  case.  Due  to  the
small  illuminated  surface  sections,  the  scattered  light
components  belonging  to  the  1st  diffraction  orders  are
broadened.  Therefore,  light  related  to  these  diffraction
orders  is  detected  although  a  sharp  peak  would  not  be
captured.  Further,  the  magnification  strongly  depends  on
the  initial  NA  value  of  the  objective  lens  as  the
illuminating  spot  is  laterally  shifted  considering  oblique
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Fig. 8 Extract of the difference   between interferograms   obtained from a sinusoidal grating with period length   nm and an
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illumination wavelength of 440 nm. Below each color plot height differences obtained by phase evaluation of extracts of   and   are plotted. The
profiles are obtained from a reduced section under the sphere as shown in Fig. 5. 
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angles of incidence, which occur for higher NA values.
Although the lens effect of the microsphere and the PNJ

have  the  same  physical  origin,  the  observed  resolution
enhancement  is  not  due  to  PNJs  since  the  PNJ  does  not
appear  for  the  analyzed  parameters  of  the  sphere  and  the
incident  wave  if  the  surface  is  placed  directly  below  the
sphere  as  demonstrated  in  Fig. 3.  Nevertheless,  Yang  et
al.37 show that the imaging capability of the microsphere is
related to the waist of the PNJ, although no nanojet occurs
due to the object’s surface since the same optical paths are
involved imaging the reflected light. However, it should be
noted that the PSF is shown to be a more reliable indicator
for  the  imaging  capabilities  of  microspheres  as  resported
in34.
Converting  evanescent  waves  to  propagating  waves

cannot  be  excluded  completely  with  respect  to  the
resolution  enhancement.  However,  the  sinusoidal  phase
gratings  considered  in  this  study  show  small  amplitudes
and hence the impact of evanescent waves is expected to be
negligibly  small.  In  addition,  in  Fig. 3  no  significant
difference  between  results  obtained  from  a  grating  and  a
plane dielectric surface, which could indicate the detection
of evanescent waves, is observed.

NA = 1.0

Therefore,  a  local  enhancement  of  the  numerical
aperture leading to a shift  of the ±1st  diffraction orders to
smaller  spatial  frequencies  as  explained  by  Hüser  et  al.43

seems  to  be  the  most  likely  effect  for  resolution
enhancement.  This  assumption  is  in  agreement  with  the
observed  resolution  limit  slightly  below  the  Abbe  and
Sparrow limits for  .

 Conclusion
This  study  presents  an  FEM-based  numerical  modeling

of  microsphere-enhanced  CSI.  Consideration  of  full
conical  illumination,  focusing  of  3D  incident  light  by  the
microsphere, the scattering process at the surface under the
microsphere  as  well  as  the  propagation  of  the  scattered
field  through  the  microsphere  and  the  microscopic  setup
fills  a  gap  in  theoretical  investigation  of  microsphere-
assisted  measurements.  Using  this  model,  the  following
major results are obtained.
●  Comparing  results  obtained  with  and  without  WGM,
WGMs  cannot  be  attributed  to  resolution
enhancement.  The  resolution  is  enhanced  in  both
cases.

● The resolution limit is demonstrated to be independent
of the NA of the objective lenses.  Thus,  with respect
to  the  Abbe  resolution  limit,  which  decreases  for
larger NA values, the relative resolution enhancement
increases with smaller numerical apertures.

● The lateral magnification corresponding to the number

of imaged periods depends on the numerical aperture
of  the  objective  lenses.  For  smaller  NA  values  the
magnification  increases  leading  to  a  decrease  of  the
field of view on the other hand.

±

● Converting evanescent waves into propagating waves
cannot be excluded from contributing to the resolution
enhancement. However, propagating waves belonging
to the 0th and  1st diffraction orders seem to be more
likely.  Thus,  our  results  indicate  that  the  resolution
enhancement is primarily due to NA enhancement by
the microsphere, which is closely related to the effect
of PNJ occurring in the absence of the specimen.

Furthermore,  the  presented approach enables  to  analyze
parameter  influences  and  find  the  most  appropriate
experimental  setup  depending  on  the  shape,  size  and
material  of  the  microelement  as  well  as  surrounding
material  in  order  to  improve  the  resolution  and  profile
fidelity of CSI. In this work only a case study is presented
to  demonstrate  how to  analyze the  fundamental  resolution
limit  numerically  and  first  parameter  influences  are
investigated. Detailed parameter studies will be performed
in future work.
In  addition,  the  model  can  be  extended  to  conventional

microscopy,  confocal  microscopy  and  other  optical
profilers  without  great  effort.  Therefore,  the  presented
model can significantly contribute to a better understanding
of  microsphere-assisted  measurement  systems  and
additionally  improve  their  imaging  capabilities  by
parameter studies.

Acknowledgements
The  authors  gratefully  acknowledge  the  financial  support  of  this
research work by the DFG (German Research Foundation) [Grant no. LE
992/14-1, LE 992/15-1].

Conflict of interest
The authors declare no conflicts of interest.

Received: 01 June 2022 Revised: 14 October 2022 Accepted: 15 October 2022
Accepted article preview online: 18 October 2022
Published online: 28 October 2022

References
 Singer,  W.,  Totzeck,  M.  &  Gross,  H.  Handbook  of  optical  systems,
volume  2:  Physical  image  formation  (John  Wiley  &  Sons,  Weinheim,
2006).

1.

 Wang,  Z.  B.,  et  al.  Optical  virtual  imaging  at  50  nm  lateral  resolution
with a white-light nanoscope. Nature Communications  2, 218 (2011).

2.

 Darafsheh,  A.  Optical  super-resolution and periodical  focusing effects
by dielectric microspheres. PhD thesis, The University of North Carolina
at Charlotte, Charlotte (2013).

3.

 Mansfield,  S.  M.  &  Kino,  G.  S.  Solid  immersion  microscope. Applied

Physics Letters  57, 2615-2616 (1990).
4.

 Hao,  X.,  et  al.  Microsphere  based  microscope  with  optical  super-5.

Pahl et al. Light: Advanced Manufacturing (2022)3:49 Page 11 of 13



resolution capability. Applied Physics Letters  99, 203102 (2011).
 Darafsheh,  A.,  et  al.  Optical  super-resolution  by  high-index  liquid-
immersed microspheres. Applied Physics Letters  101, 141128 (2012).

6.

 Li,  L.,  et  al.  Label-free  super-resolution  imaging  of  adenoviruses  by
submerged  microsphere  optical  nanoscopy. Light:  Science  &

Applications  2, e104 (2013).

7.

 Monks,  J.  N.,  et  al.  Spider  silk:  mother  nature’s  bio-superlens. Nano

Letters  16, 5842-5845 (2016).
8.

 Darafsheh,  A.  Microsphere-assisted  microscopy. Journal  of  Applied

Physics  131, 031102 (2022).
9.

 Kassamakov,  I.,  et  al.  3D  super-resolution  optical  profiling  using
microsphere enhanced Mirau interferometry. Scientific Reports  7, 3683
(2017).

10.

 Montgomery,  P.  C.,  et  al.  High  resolution  surface  metrology  using
microsphere-assisted interference microscopy. Physica Status Solidi (a)

 216, 1800761 (2019).

11.

 Hüser, L. & Lehmann, P. Microsphere-assisted interferometry with high
numerical apertures for 3D topography measurements. Applied Optics

 59, 1695-1702 (2020).

12.

 Huszka,  G.  &  Gijs,  M.  A.  M.  Super-resolution  optical  imaging:  A
comparison. Micro and Nano Engineering  2, 7-28 (2019).

13.

 Chen,  Z.  G.,  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).

14.

 Duan, Y. B., Barbastathis, G. & Zhang, B. L. Classical imaging theory of a
microlens with super-resolution. Optics Letters  38, 2988-2990 (2013).

15.

 Sundaram, V. M. & Wen, S. B. Analysis of deep sub-micron resolution in
microsphere  based  imaging. Applied  Physics  Letters  105,  204102
(2014).

16.

 Ben-Aryeh,  Y.  Increase  of  resolution  by  use  of  microspheres  related  to
complex  Snell’s  law. Journal  of  the  Optical  Society  of  America  A  33,
2284-2288 (2016).

17.

 Perrin,  S.,  et  al.  Microsphere-assisted  phase-shifting  profilometry.
Applied Optics  56, 7249-7255 (2017).

18.

 Zhou,  S.,  et  al.  Effects  of  whispering  gallery  mode  in  microsphere
super-resolution imaging. Applied Physics B  123, 236 (2017).

19.

 Lin,  C.  B.,  Huang,  Z.  H.  & Liu,  C.  Y.  Formation of  high-quality  photonic
nanojets by decorating spider silk. Optics Letters  44, 667-670 (2019).

20.

 Lecler, S., et al. Photonic jet lens. Scientific Reports  9, 4725 (2019).21.
 Perrin,  S.,  et  al.  Compensated  microsphere-assisted  interference
microscopy. Physical Review Applied  13, 014068 (2020).

22.

 Yang,  S.  L.,  et  al.  Converting  evanescent  waves  into  propagating
waves:  The  super-resolution  mechanism  in  microsphere-assisted
microscopy. The  Journal  of  Physical  Chemistry  C  124,  25951-25956
(2020).

23.

 Hüser, L. & Lehmann, P. Microsphere-assisted interference microscopy
for  resolution  enhancement. tm-Technisches  Messen  88,  311-318
(2021).

24.

 Lin,  C.  B.,  et  al.  Photonic  nanojet  modulation  achieved  by  a  spider-silk-
based metal–dielectric dome microlens. Photonics  8, 334 (2021).

25.

 Minin,  O.  V.  &  Minin,  I.  V.  Optical  phenomena  in  mesoscale  dielectric
particles. Photonics  8, 591 (2021).

26.

 Darafsheh,  A.,  et  al.  Optical  super-resolution  imaging  by  high-index
microspheres embedded in elastomers. Optics Letters  40, 5-8 (2015).

27.

 Yang,  H.,  et  al.  Super-resolution  biological  microscopy  using  virtual
imaging by a microsphere nanoscope. Small  10, 1712-1718 (2014).

28.

 Aakhte,  M.,  et  al.  Microsphere-assisted  super-resolved  mirau  digital
holographic microscopy for  cell  identification. Applied Optics  56,  D8-
D13 (2017).

29.

 Hoang,  T.  H.,  et  al.  Focusing  and  imaging  in  microsphere-based
microscopy. Optics Express  23, 12337-12353 (2015).

30.

 Chen,  R.,  et  al.  Complete  modeling  of  subsurface  microscopy  system31.

based on aplanatic solid immersion lens. Journal of the Optical Society

of America A  29, 2350-2359 (2012).
 Maslov,  A.  V.  &  Astratov,  V.  N.  Imaging  of  sub-wavelength  structures
radiating  coherently  near  microspheres. Applied  Physics  Letters  108,
051104 (2016).

32.

 Maslov,  A.  V.  &  Astratov,  V.  N.  Optical  nanoscopy  with  contact  mie-
particles:  Resolution  analysis. Applied  Physics  Letters  110,  261107
(2017).

33.

 Maslov,  A.  V.  &  Astratov,  V.  N.  Resolution  and  reciprocity  in
microspherical  nanoscopy:  Point-spread  function  versus  photonic
nanojets. Physical Review Applied  11, 064004 (2019).

34.

 Astratov,  V.  N.  et  al.  Ball  lens-assisted  smartphone  microscopy  with
diffraction-limited  resolution.  Proceedings  of  SPIE  12152,
Mesophotonics: Physics and Systems at Mesoscale. Strasbourg, France:
SPIE, 2022.

35.

 Wang,  Z.  B.  &  Luk’yanchuk,  B.  Super-resolution  imaging  and
microscopy  by  dielectric  particle-lenses.  In  Label-Free  Super-Resolution
Microscopy (ed Astratov, V. N.) 371–406 (Springer, Cham, 2019).

36.

 Yang, H., et al.  Super-resolution imaging of a dielectric microsphere is
governed by the waist of its photonic nanojet. Nano Letters  16, 4862-
4870 (2016).

37.

 Astratov, V. N. et al. Fundamental limits of super-resolution microscopy
by  dielectric  microspheres  and  microfibers.  In  Nanoscale  Imaging,
Sensing  and  Actuation  for  Biomedical  Applications  XⅢ,  97210K  (SPIE,
San Francisco, Carlifornia, 2016).

38.

 Boudoukha, R., et al. Near-to far-field coupling of evanescent waves by
glass microspheres. Photonics  8, 73 (2021).

39.

 Pahl, T., et al. Two-dimensional modeling of systematic surface height
deviations  in  optical  interference  microscopy  based on rigorous  near
field calculation. Journal of Modern Optics  67, 963-973 (2020).

40.

 Pahl,  T.,  et  al.  3D  modeling  of  coherence  scanning  interferometry  on
2D surfaces using FEM. Optics Express  28, 39807-39826 (2020).

41.

 Pahl,  T.,  et  al.  Rigorous  3D  modeling  of  confocal  microscopy  on  2D
surface  topographies. Measurement  Science  and  Technology  32,
094010 (2021).

42.

 Hüser,  L.  et  al.  The  use  of  microsphere  assistance  in  interference
microscopy  with  high  numerical  aperture  objective  lenses.
Proceedings  of  SPIE  12152,  Mesophotonics:  Physics  and  Systems  at
Mesoscale. Strasbourg, France: SPIE, 2022.

43.

 Darafsheh,  A.  Comment  on  ‘super-resolution  microscopy  by  movable
thin-films  with  embedded  microspheres:  Resolution  analysis’[ann.
phys.(berlin) 527, 513 (2015)]. Annalen der Physik  528, 898-900 (2016).

44.

 Lecler,  S.,  Perrin,  S.  &  Montgomery,  P.  C.  Physics  of  3D  microsphere
assisted microscopy. Proceedings of the 21st International Conference
on Transparent Optical Networks (ICTON), Angers, France, 2019.

45.

 Sheppard, C. J. R. Resolution and super-resolution. Microscopy Research

& Technique  80, 590-598 (2017).
46.

 de  Groot,  P.  J.  The  instrument  transfer  function  for  optical
measurements of surface topography. Journal of Physics:  Photonics  3,
024004 (2021).

47.

 Su,  R.,  et  al.  Scattering  and  three-dimensional  imaging  in  surface
topography measuring interference microscopy. Journal of the Optical

Society of America A  38, A27-A42 (2021).

48.

 Lehmann,  P.,  Hagemeier,  S.  &  Pahl,  T.  Three-dimensional  transfer
functions of interference microscopes. Metrology  1, 122-141 (2021).

49.

 Lehmann,  P.  &  Pahl,  T.  Three-dimensional  transfer  function  of  optical
microscopes  in  reflection  mode. Journal  of  Microscopy  284,  45-55
(2021).

50.

 Lehmann,  P.,  Künne,  M.  & Pahl,  T.  Analysis  of  interference microscopy
in  the  spatial  frequency  domain. Journal  of  Physics:  Photonics  3,
014006 (2021).

51.

 Beckmann,  P.  &  Spizzichino,  A.  The  scattering  of  electromagnetic52.

Pahl et al. Light: Advanced Manufacturing (2022)3:49 Page 12 of 13



waves from rough surfaces (Artech House, Inc., Norwood, 1987).
 Thorsos,  E.  I.  The  validity  of  the  Kirchhoff  approximation  for  rough
surface  scattering  using  a  Gaussian  roughness  spectrum. The  Journal

of the Acoustical Society of America  83, 78-92 (1988).

53.

 Montgomery,  P.  C.,  et  al.  3D nano surface  profilometry  by  combining
the  photonic  nanojet  with  interferometry. Journal  of  Physics:

Conference Series  794, 012006 (2017).

54.

 Zang,  J.  J.,  et  al.  Microsphere-assisted  imaging  of  periodic  and  non-
periodic  structures. IEEE  Photonics  Technology  Letters  34,  341-344
(2022).

55.

 Allen,  K.  W.,  et  al.  Super-resolution  microscopy  by  movable  thin-films
with  embedded microspheres:  resolution  analysis. Annalen  der  Physik

 527, 513-522 (2015).

56.

 Allen,  K.  W.,  L  i,  Y.  C.  &  Astratov,  V.  N.  Reply  to  “comment  on ‘super-
resolution  microscopy  by  movable  thin-films  with  embedded
microspheres: Resolution analysis’[ann. phys.(berlin) 527, 513 (2015)]”.
Annalen der Physik  528, 901-904 (2016).

57.

 Refractiveindex.info. (2022). at https://refractiveindex.info/ URL.58.
 Bao,  G.,  Chen,  Z.  M.  &  Wu,  H.  J.  Adaptive  finite-element  method  for
diffraction  gratings. Journal  of  the  Optical  Society  of  America  A  22,
1106-1114 (2005).

59.

 Zhou,  W.  Q.  &  Wu,  H.  J.  An  adaptive  finite  element  method  for  the
diffraction grating problem with PML and few-mode DtN truncations.
Journal of Scientific Computing  76, 1813-1838 (2018).

60.

 Logg, A., Mardal, K. A. & Wells, G. N. Automated solution of differential
equations  by  the  finite  element  method:  The  FEniCS  book  (Springer
Science & Business Media, Berlin, 2012).

61.

 NGSolve. (2020). at https://ngsolve.org/ URL.62.
 Jin, J. M. The finite element method in electromagnetics (John Wiley &
Sons, New York, 2014), 3rd edn.

63.

 Allen,  K.  W.  et  al.  Super-resolution  imaging  by  arrays  of  high-index
spheres  embedded  in  transparent  matrices.  NAECON  2014-  IEEE
National Aerospace and Electronics Conference. Dayton, OH, USA: IEEE,
2014, 50-52.

64.

 Hao,  X.,  et  al.  Far-field  super-resolution  imaging  using  near-field
illumination by micro-fiber. Applied Physics Letters  102, 013104 (2013).

65.

 Allen,  K.  W.,  et  al.  Overcoming  the  diffraction  limit  of  imaging
nanoplasmonic arrays by microspheres and microfibers. Optics Express

 23, 24484-24496 (2015).

66.

 Darafsheh,  A.  et  al.  Super-resolution  optical  microscopy  by  using
dielectric  microwires.  Proceedings  of  SPIE  9713,  Three-Dimensional

67.

and  Multidimensional  Microscopy:  Image  Acquisition  and  Processing
XXⅢ. San Francisco, California, United States: SPIE, 2016, 135-139.
 Darafsheh, A.  & Bollinger,  D.  Systematic study of the characteristics of
the  photonic  nanojets  formed  by  dielectric  microcylinders. Optics

Communications  402, 270-275 (2017).

68.

 Darafsheh,  A.  Influence  of  the  background  medium  on  imaging
performance  of  microsphere-assisted  super-resolution  microscopy.
Optics Letters  42, 735-738 (2017).

69.

 Dhama,  R.,  et  al.  Super-resolution  imaging  by  dielectric  superlenses:
TiO2  metamaterial  superlens  versus  BaTiO3  superlens. Photonics  8,
222 (2021).

70.

 Pei,  Y.,  et  al.  Optoplasmonic-enhanced  imaging  of  monolayer
polystyrene nanoparticle arrays by barium titanate glass microsphere-
assisted  microscopy:  Implications  for  nanoparticle  characterization.
ACS Applied Nano Materials  4, 11281-11287 (2021).

71.

 Davis,  E.  J.  &  Schweiger,  G.  The  airborne  microparticle:  its  physics,
chemistry,  optics,  and  transport  phenomena  (Springer  Science  &
Business Media, Heidelberg, 2002).

72.

 Foreman,  M.  R.,  Swaim,  J.  D.  &  Vollmer,  F.  Whispering  gallery  mode
sensors. Advances in Optics and Photonics  7, 168-240 (2015).

73.

 Darafsheh,  A.  Photonic  nanojets  and  their  applications. Journal  of

Physics: Photonics  3, 022001 (2021).
74.

 Abdulhalim,  I.  Spatial  and  temporal  coherence  effects  in  interference
microscopy and full-field optical  coherence tomography. Annalen der

Physik  524, 787-804 (2012).

75.

 Hüser,  L.  &  Lehmann,  P.  Analysis  of  resolution  enhancement  through
microsphere-assisted  interferometry  in  the  3D  spatial  frequency
domain. Proceedings of SPIE 11782, Optical Measurement Systems for
Industrial Inspection XⅡ. SPIE, 2021.

76.

 Chim,  S.  S.  C.  &  Kino,  G.  S.  Phase  measurements  using  the  Mirau
correlation microscope. Applied Optics  30, 2197-2201 (1991).

77.

 Fleischer,  M.,  Windecker,  R.  &  Tiziani,  H.  J.  Fast  algorithms  for  data
reduction  in  modern  optical  three-dimensional  profile  measurement
systems with MMX technology. Applied Optics  39, 1290-1297 (2000).

78.

 Darafsheh,  A.,  et  al.  Advantages  of  microsphere-assisted  super-
resolution imaging technique over solid immersion lens and confocal
microscopies. Applied Physics Letters  104, 061117 (2014).

79.

 Du,  B.  T.,  et  al.  Super-resolution  imaging  with  direct  laser  writing-
printed  microstructures. The  Journal  of  Physical  Chemistry  A  124,
7211-7216 (2020).

80.

Pahl et al. Light: Advanced Manufacturing (2022)3:49 Page 13 of 13

https://refractiveindex.info/
https://ngsolve.org/
https://refractiveindex.info/
https://ngsolve.org/
https://refractiveindex.info/
https://ngsolve.org/
https://refractiveindex.info/
https://ngsolve.org/

	Introduction
	Common definitions of resolution and classification of this work
	Setup and modeling
	Results
	Discussion
	Conclusion

