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Abstract: Conventional  optical  microscopy  is  fundamentally  constrained  by  the  optical  diffraction  limit  (~200  nm),
restricting  the observation of  nanoscale  features  in  advanced manufacturing.  To address  this  challenge,  a  remote-
mode  microsphere-enabled  nanoscale  imaging  technology  has  been  developed  and  successfully  translated  from
laboratory innovation to industrial application. By utilizing a suspended transparent microsphere as a miniature lens,
the  system  enables  real-time,  non-contact  optical  imaging  and  resolves  23  nm  gaps  on  silicon  wafers  and  77  nm
metal probes in hard-disk magnetic heads through reverse optical-path reconstruction of virtual images. The technol-
ogy  has  been  commercialized  by  PHAOS  Technology,  achieving  over  300%  annual  sales  growth  and  receiving  the
"Manufacturing Technology Disruptor of the Year" award. By integrating a universal lens adapter, the system allows a
standard 20× objective to achieve imaging performance comparable to a 50× objective at only one-tenth of the cost
of  high-end  super-resolution  systems.  This  approach  represents  an  important  advancement  in  scalable  and  cost-
effective nanometrology, providing a practical solution for real-time semiconductor inspection and industrial quality
control.
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As a fundamental characterization tool across fields, such as
biomedicine,  semiconductor  manufacturing,  and  food
science,  the  optical  microscope  plays  an  indispensable  role
in  scientific  research  and  industrial  production.  Its  advan-
tages,  including  flexibility,  portability,  low  cost,  and  rapid
imaging,  have  enabled  applications  ranging  from  clinical
disease  diagnosis  and  real-time  food  quality  monitoring  to
the precise inspection of semiconductor defects1−6. However,
constrained by the optical diffraction limit, the resolution of
conventional  optical  microscopes  typically  remains  at
around 200 nm, making it difficult to observe critical micro-
and  nanoscale  structures,  such  as  virus  particles,  nanoscale
defects  in  integrated  circuits,  and  biological  macro-
molecules.  This  limitation  significantly  restricts  its  use  in
cutting-edge applications7.

To overcome this  bottleneck,  researchers  have developed

advanced  high-resolution  imaging  techniques,  including
transmission electron microscopy (TEM) and scanning elec-
tron  microscopy  (SEM),  which  require  vacuum  conditions,
as  well  as  specialized  methods,  such  as  atomic  force
microscopy  (AFM)  and  fluorescence  super-resolution
microscopy8−10.  Yet  these  approaches  face  practical  chal-
lenges: electron microscopy requires complex sample prepa-
ration  and  is  unsuitable  for  imaging  living  samples,  while
AFM  and  fluorescence-based  methods  are  limited  by  near-
surface  sensitivity  or  labeling  requirements.  Consequently,
achieving  label-free,  real-time,  and  non-contact  imaging
with  nanoscale  resolution,  while  preserving  the  advantages
of  traditional  optical  microscopy,  has  become  an  urgent
challenge  and  a  key  direction  for  next-generation
microscopy development.

Addressing  this  challenge,  the  research  team  led  by
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Fig. 1 | (a) Schematic diagram of the remote-mode optical microsphere setup. (b) Mechanism to illustrate the enlarged virtual image by the microsphere.
(c) Optical image captured by this system (sample: semiconductor testing sample; scale bar: 10 µm; imaged by a 20 μm silica microsphere compiled to an
oil-immersion optical microscope with a 100× objective lens, NA=1.4). Inset: SEM image (scale bar: 1 µm). Figure reproduced from ref.11, under a Creative
Commons Attribution License.
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Fig. 2 | (a–c) Imaging of nano-dot pairs with nano-gap on a Si wafer. (a) SEM image of the samples, showing sizes of nano-gaps in between each pair of
nano-dots.  (b)  Imaging  of  the  samples  by  an  oil-immersion  microscope  (neighboring  nano-dots  cannot  be  resolved  clearly).  (c)  Neighboring  separated
nano-dots  are  resolved  clearly  by  a  microsphere  with  20  μm  diameter.  The  back  dash  line  in  (c)  indicates  the  line  cut.  (d–f)  Imaging  of  samples  with
complex features (the "nano-rose").  (d)  Zoomed-in SEM image with size notations,  it  shows that the typical  line width of  the structure is  ~140 nm, and
separated by nano-grooves with a typical size ranging from 50–60 nm. (e) Imaging result by the oil-immersion optical microscope. (f) Image under the 27
μm microsphere. The diameter of the microsphere is larger in order to contain the entire nano-rose in the central region (compared to the microsphere
used for the imaging of nano-dots, the microsphere with a larger diameter is chosen to ensure the entire nano-rose pattern is in the central region of the
microsphere. Inset: zoomed-in image under the microsphere). (g–i) Imaging of a magnetic head in a hard disc drive from the production line. (g) SEM image
of the magnetic head, with a nano-gap of 77 nm. (h) Imaging by a conventional oil-immersion microscope. (i)  Imaging by the microsphere nanoscope in
non-contact mode. The three columns represent images obtained by SEM, oil-immersion optical microscope (100×, NA 1.4), and microsphere nanoscope,
respectively. Figure reproduced from ref.11, under a Creative Commons Attribution License.
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Professor Hong MH from the Xiamen University, and previ-
ously at the National University of Singapore, has proposed
a  remote-mode  microsphere-enabled  nanoscale  imaging
technology11.  The  team  designed  an  integrated  optical
control system (Fig. 1(a)), the core of which is a transparent
microsphere  suspended  above  the  sample  surface  to  func-
tion as a miniature lens. A magnified virtual image is formed
through  light  refraction  at  the  microsphere  surfaces  and  is
then captured by the objective lens of a conventional micro-
scope12−14.  The  position  and  magnification  of  the  virtual
image can be  precisely  determined through reverse  optical-
path reconstruction (Fig. 1(b)).  In practical  imaging experi-
ments, an oil-immersion microscope (100× objective, NA =
1.4)  equipped  with  a  20  μm  silica  microsphere  can  clearly
resolve  the  micro-features  of  semiconductor  test  samples,
producing  results  highly  consistent  with  SEM  images
(Fig. 1(c)).

In validating the core performance of the system, the team
developed a universal lens adapter (Fig. 2(a)) that integrates
a  400  μm  microsphere  with  a  conventional  20×  objective
lens, resulting in a significant improvement in imaging capa-
bility. Experiments on onion epidermal cells showed that the
adapter  enables  a  20×  objective  lens  to  achieve  imaging
performance  comparable  to  that  of  a  50×  objective,  while
image-stitching  techniques  expand  the  field  of  view  to  125
μm  ×  125  μm.  The  integrated  device  features  a  compact
design and excellent mechanical stability. Further compara-
tive  studies  confirm that  a  20× objective  equipped with  the
microsphere  delivers  accuracy  comparable  to  a  commercial
50× objective, requiring only minimal modification of exist-
ing equipment and substantially reducing the cost barrier for
super-resolution imaging.

In  resolution  testing,  the  system demonstrated  outstand-
ing nanoscale performance. For a nanodot array containing
23–31  nm  gaps  on  a  silicon  wafer  (Fig. 2(a)),  a  traditional
oil-immersion  microscope  failed  to  resolve  adjacent
nanodots  (Fig. 2(b)).  In  contrast,  a  20  μm  microsphere
clearly resolved the smallest 23 nm gap (Fig. 2(c)). Similarly,
for  the  complex  "nano-rose"  structure  featuring  50–60  nm
grooves  (Fig. 2(d)),  imaging  with  a  traditional  microscope
yielded  blurred  results  (Fig. 2(e)),  whereas  a  27  μm  micro-
sphere provided clear visualization of the nanoscale textures
(Fig. 2(f)).  Importantly,  for  the  77  nm  metal  probe  gap  in
hard-disk  magnetic  heads  on  production  lines  (Fig. 2(g)),
the  system  achieved  clear,  real-time,  non-contact  imaging
(Fig. 2(i)), a task beyond the capabilities of conventional oil-
immersion microscopes (Fig. 2(h)).

This  groundbreaking  remote-mode  microsphere  nano-
scale  imaging  technology  has  also  achieved  successful
commercialization  through  PHAOS  Technology.  Its  strong
performance  and  practical  applicability  have  enabled  the
technology  to  rapidly  establish  its  presence  in  the  industry,
earning  multiple  prestigious  honors.  It  was  named  "Manu-
facturing  Technology  Disruptor  of  the  Year"  at  the  Don't
Panic  Events  Global  Business  Technology  Awards  and

received the "Manufacturing Technology Excellence Award"
at  the  2024  Singapore  Business  Review  National  Business
Awards.  The  technology's  innovative  approach,  effective
academia-industry  collaboration  model,  and  outstanding
market  adoption  have  garnered  recognition  from  both
industry professionals and evaluation bodies.

Commercialization  of  this  technology  has  delivered
remarkable market results.  As early as 2022, annual sales of
microscopy  equipment  incorporating  this  technology
increased by more than 300%, making it  one of  the fastest-
growing product lines in the field of  optical  microscopy.  In
terms  of  equipment  compatibility,  the  commercial  micro-
sphere lens adapter can directly upgrade conventional opti-
cal  microscopes.  With  only  simple  retrofitting,  the  imaging
performance of a standard 20× objective lens can be elevated
to a level  equivalent to that of  a  50× objective,  at  only one-
tenth of  the cost  of  purchasing a high-end super-resolution
microscope —significantly  lowering  the  investment  thresh-
old for research institutions and industrial users.

References 

 Xiao Y,  Chen L,  Pu M et  al. Improved spatiotemporal  resolution  of
anti-scattering  super-resolution  label-free  microscopy  via  synthetic
wave 3D metalens imaging. Opto-Electron Sci 2, 230037 (2023).

1.

 Qin F, Huang K, Wu J et al. Shaping a subwavelength needle with
ultra-long  focal  length  by  focusing  azimuthally  polarized  light. Sci
Rep 5, 9977 (2015).

2.

 Qin F, Ding L, Zhang L et al. Hybrid bilayer plasmonic metasurface
efficiently manipulates visible light. Sci Adv 2, e1501168 (2016).

3.

 Qin  F,  Huang  K,  Wu  J  et  al. A  supercritical  lens  optical  label-free
microscopy:  sub-diffraction  resolution  and  ultra-long  working  dis-
tance. Adv Mater 29, 1602721 (2017).

4.

 O'Mara WC, Herring RB, Hunt LP. Handbook of semiconductor (1990).5.
 Cleveland  J,  Montville  TJ,  Nes  IF  et  al. Bacteriocins:  safe,  natural
antimicrobials  for  food  preservation. Int  J  Food  Microbiol 71, 1-20
(2001).

6.

 Ye W, Li Y, Chen L et al. Sub-diffraction limit quantum metrology for
nanofabrication. Engineering 49, 96-103 (2025).

7.

 Xu X, Luo Q, Wang J et al. Large-field objective lens for multi-wave-
length  microscopy  at  mesoscale  and  submicron  resolution. Opto-
Electron Adv 7, 230212 (2024).

8.

 Betzig E,  Patterson GH, Sougrat  R et  al. Imaging intracellular  fluo-
rescent  proteins  at  nanometer  resolution. Science 313, 1642-1645
(2006).

9.

 Huang B, Wang W, Bates M et al. Three-dimensional super-resolu-
tion  imaging  by  stochastic  optical  reconstruction  microscopy. Sci-
ence 319, 810-813 (2008).

10.

 Chen LW, Zhou Y, Wu MX et al. Remote-mode microsphere nano-
imaging: new boundaries for optical microscopes. Opto-Electron Adv
1, 170001 (2018).

11.

 Wang F, Liu L, Yu P et al. Three-dimensional super-resolution mor-
phology by near-field assisted white-light interferometry. Sci Rep 6,
24703 (2016).

12.

 Darafsheh  A,  Guardiola  C,  Palovcak  A  et  al. Optical  super-resolu-
tion  imaging  by  high-index  microspheres  embedded  in  elastomers.
Opt Lett 40, 5-8 (2014).

13.

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

14.

Meng ZT et al. Opto-Electron Adv 9, 260073 (2026) https://doi.org/10.29026/oea.2026.260073

260073 (Page 3 of 4)

https://doi.org/10.29026/oes.2023.230037
https://doi.org/10.29026/oes.2023.230037
https://doi.org/10.29026/oes.2023.230037
https://doi.org/10.1038/srep09977
https://doi.org/10.1038/srep09977
https://doi.org/10.1126/sciadv.1501168
https://doi.org/10.1002/adma.201602721
https://doi.org/10.1016/s0168-1605(01)00560-8
https://doi.org/10.1016/j.eng.2025.04.010
https://doi.org/10.29026/oea.2024.230212
https://doi.org/10.29026/oea.2024.230212
https://doi.org/10.29026/oea.2024.230212
https://doi.org/10.1126/science.1127344
https://doi.org/10.1126/science.1153529
https://doi.org/10.1126/science.1153529
https://doi.org/10.29026/oea.2018.170001
https://doi.org/10.29026/oea.2018.170001
https://doi.org/10.29026/oea.2018.170001
https://doi.org/10.1038/srep24703
https://doi.org/10.1364/OL.40.000005
https://doi.org/10.1021/acs.nanolett.6b01255
https://doi.org/10.29026/oea.2026.260073


Open  Access This  article  is  licensed  under  a  Creative
Commons  Attribution  4.0  International  License,  which
permits  use,  sharing,  adaptation,  distribution  and  repro-

duction in any medium or format, as long as you give appropriate credit to the
original  author(s)  and  the  source,  provide  a  link  to  the  Creative  Commons

license,  and indicate  if  changes  were made.  To view a  copy of  this  license,  visit
http://creativecommons.org/licenses/by/4.0/
©The Author(s) 2026.
Published by Editorial Office of Opto-Electronic Advance, Institute of Optics and
Electronics, Chinese Academy of Sciences.

www.oejournal.org

 
Scan for Article PDF

Meng ZT et al. Opto-Electron Adv 9, 260073 (2026) https://doi.org/10.29026/oea.2026.260073

260073 (Page 4 of 4)

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.29026/oea.2026.260073

	References

