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Optical near-field imaging and nanostructuring
by means of laser ablation
Johannes Boneberg and Paul Leiderer*

In this review we consider the development of optical near-field imaging and nanostructuring by means of laser ablation
since its early stages around the turn of the century. The interaction of short, intense laser pulses with nanoparticles on a
surface leads to laterally tightly confined, strongly enhanced electromagnetic fields below and around the nano-objects,
which  can  easily  give  rise  to  nanoablation.  This  effect  can  be  exploited  for  structuring  substrate  surfaces  on  a  length
scale well below the diffraction limit, one to two orders smaller than the incident laser wavelength. We report on structure
formation by the optical near field of both dielectric and metallic nano-objects, the latter allowing even stronger and more
localized enhancement of the electromagnetic field due to the excitation of plasmon modes. Structuring with this method
enables  one to  nanopattern  large areas in  a  one-step parallel  process with  just  one laser  pulse  irradiation,  and in  the
course of time various improvements have been added to this technique, so that also more complex and even arbitrary
structures can be produced by means of nanoablation. The near-field patterns generated on the surface can be read out
with high resolution techniques like scanning electron microscopy and atomic force microscopy and provide thus a valu-
able tool—in conjunction with numerical calculations like finite difference time domain (FDTD) simulations—for a deeper
understanding of the optical and plasmonic properties of nanostructures and their applications.
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Introduction and background
Small particles at surfaces have become an important re-
search topic ever since nanotechnology has developed to
one of the modern key technologies. Often these particles
are unwanted contaminants, e.g. in micro- and nanoelec-
tronics. On the other hand, nano-sized particles can also
be used for the generation of surface structures, as will be
shown in this review. We give here, from a very personal
perspective, a brief survey of the history of nanostructur-
ing  surfaces  by  means  of  the  optical  near  fields  of  such
small  particles  which  are  illuminated  by  short  laser
pulses.  In  this  section  we  start  with  the  background  of
this topic,  where  a  crucial  role  was  played  by  the  tech-

nique of laser cleaning, out of which the near-field nano-
structuring  developed.  In  sections Optical  near  fields  of
dielectric  nanostructures and Optical near  fields  of  plas-
monic nanostructures we will then discuss the formation
of  nanostructures  by  laser  ablation  in  the  optical  near
fields of dielectric and plasmonic nanoparticles, respect-
ively.

The investigation of small particles on a substrate, in-
teracting  with  intense  light  fields,  started  around  1990.
At  that  time  surface  contamination  by  particulates  was
one of the most serious problems faced by the microelec-
tronic  industry,  because  a  major  part  of  the  yield  losses
in  Integrated  Circuits  (ICs)  was  attributed  to  it. 
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Although at that time the characteristic length scale of IC
technology  was  relatively  large  compared  to  today´s
standards (> 500 nm)1, the available cleaning techniques
based  on  wiping  and  brushing,  ultrasonics  and  liquid
chemicals  were  not  efficient  enough  to  reliably  remove
particles  with a size as small  as  100 nm, which could be
detrimental  for  the  production  of  ICs  at  that  time2,3.
Therefore, new gentle and also environmentally friendly
cleaning techniques were sought for.

A promising technique in this  direction,  published in
1991  by  the  group  of  A.C.  Tam,  was  the  so-called  laser
cleaning2,3. The basic idea of this concept was to heat the
substrate which was to be cleaned by a nanosecond laser
pulse.  The rapid thermal expansion of  the substrate will
then accelerate particles on the surface, and when the ex-
pansion comes to a halt at the end of the heating process,
the particles detach from the surface due to inertia forces
strong enough  to  overcome  the  forces  of  particle  adhe-
sion.  Already  in  these  early  investigations,  this  effect  of
particle removal  was  sometimes  enhanced  by  a  thin  li-
quid  film,  e.g.  a  water-alcohol  mixture,  condensed  onto
the  substrate  immediately  before  the  laser  pulse.  As  the
substrate  is  momentarily  heated,  the  temperature  of  the
film also rises, until bubble nucleation at the solid-liquid
interface takes place, and the subsequent explosive evap-
oration of the liquid enforces the removal of the contam-
inants.  This  latter  mechanism  was  later  termed  “Steam
Laser  Cleaning ”  (SLC),  while  the  first  one  was  called
“Dry Laser Cleaning” (DLC). An example for the clean-
ing action by this method is shown in Fig. 1. Altogether,
high  cleaning  efficiencies  close  to  100  percent  were
reached  at  high  enough  laser  intensities.  (It  should  be
mentioned that  parallel  to  this  SLC  concept,  which  re-
lied on the indirect heating of the liquid film via the sub-
strate, an alternative scheme was developed in the group
of S. Allen4. There the liquid film was heated directly us-
ing  a  CO2 laser with  a  wavelength  that  is  strongly  ab-
sorbed by the liquid. Also in this case, good cleaning res-
ults due to the explosive evaporation of the film were re-
ported.)

In  the  years  following  these  first  developments,  the
processes occurring during both DLC and SLC were in-
vestigated in  more  detail.  One  aspect  was  the  mechan-
ism  of  bubble  nucleation  at  the  liquid-solid  interface,
which  was  studied  in  a  sequence  of  papers  by  Yavas  et
al.5−8.  Also,  the  thermal  expansion  of  the  substrate  and
the concomitant  acceleration  of  the  surface  was  meas-
ured with nanosecond time resolution9. The resulting ac-

celerations were found to be in the range of 107 m/s2, i.e.
6  orders  of  magnitude  higher  than  the  acceleration  due
to gravity,  but still  somewhat too small  to overcome the
expected  adhesion  forces10.  One  of  the  reasons  for  this
discrepancy will be discussed at the end of this section.

In 1995, a joint European project was initiated, dedic-
ated to various forms of  laser cleaning,  in which groups
from Austria,  France,  Germany,  Greece  and  Spain  col-
laborated11.  The  aims  of  this  project  were  relatively
broad, reaching  from  cleaning  industrial  oxidized  sur-
faces to the restoration of art work, but one central topic
was laser cleaning of delicate surfaces like silicon wafers
from  nanoparticles11.  Systematic  comparisons  between
DLC  and  SLC  were  carried  out12,  in  which  lasers  with
different wavelengths from UV to near IR and with pulse
durations  ranging  from  the  nanosecond  down  to  the
femtosecond regime  were  tried  out.  A  major  step  to-
wards  a  quantitative  understanding  was  also  replacing
the  so  far  mostly  used  test  contaminants,  irregularly
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Fig. 1 | Scanning  electron  microscope  (SEM)  photos  showing
SLC  of  0.1-μm  alumina  particles  from  a  Si  surface  (with  water
film  assistance). The  KrF  laser  (pulse  duration  16  ns,  wavelength

λ = 248 nm) had a fluence of 120 mJ/cm2, and 20 pulses were used.

Figure  reproduced  with  permission  from  ref.3,  American  Institute  of

Physics.
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shaped  powders  of  alumina  or  silica,  by  well-defined
spherical  particles  with  a  monodisperse  size
distribution12,13.  Such particles are available with various
diameters  as  colloidal  suspensions  which  can  be  spin-
coated on the test surface.

An example  of  Polystyrene  (PS)  spheres  with  a  dia-
meter of 480 nm is presented in Fig. 2. In the DLC exper-
iments,  these  samples  were  irradiated  with  the  cleaning
laser pulse in ambient atmosphere; for the SLC measure-
ments an  additional  burst  of  water-alcohol  vapor,  sup-
plied through  a  nozzle,  was  condensed  onto  the  Si  sub-
strate  before  the  illumination.  The  cleaning  efficiency
was  either  evaluated  by  simply  counting  the  number  of
particles  in the irradiated area before and after  the laser
pulse, or  by  measuring  the  light  scattering  from  the  re-
maining particles14.
  

480 nm PS

Fig. 2 | SEM  image  (50  ×  50  μm2)  of  480  nm  PS  particles  spin
coated on a silicon wafer. The insert shows a blow-up demonstrat-

ing the spherical shape of these colloid particles. Figure reproduced

with permission from ref.12, Spring Nature.
 

Representative  results  for  the  cleaning  efficiency  are
shown  in Fig. 3 for  the  case  of  SLC.  The  data  reveal  a
threshold fluence for the onset of cleaning (110 mJ/cm2),
and nearly  complete  cleaning  is  achieved  around  a  flu-
ence  of  200  mJ/cm2,  which  is  well  below  the  onset  of
melting of the (bare) Si surface for 8 ns pulses at the used
wavelength  of  532  nm.  The  efficiency  turned  out  to  be
essentially independent of particle size and material, as it
is  expected  that  the  explosive  evaporation  of  the  liquid
layer is the dominating detachment mechanism.

This is different for the case of DLC, as plotted in Fig.
4,  where  SLC  and  DLC  data  are  compared.  First  of  all,
the  cleaning threshold for  DLC is  distinctly  higher  than
that  for  SLC,  and  the  efficiency  reaches  just  50%  at  a

laser fluence where the Si surface starts to melt. What is
more, the DLC data depended crucially on the humidity
in the air of the laboratory. This was already mentioned
in the early work of laser cleaning3, but it became partic-
ularly  clear  in the course of  a  collaboration between the
Data Storage Institute in Singapore and the Konstanz lab
in Germany.  On a dry winter  day in Konstanz the DLC
efficiency was observed to be considerably lower than for
the identical sample in Singapore. This could be ascribed
to the significantly higher humidity in the Singapore lab,
which led to more pronounced capillary condensation of
a  liquid  water  meniscus  around  the  area  where  the
particle  touches  the  surface.  Upon  irradiation  with  the
laser  pulse,  this  gives  rise  to  explosive  evaporation,  thus
the  term  “Dry  Laser  Cleaning ”  is  not  really  justified  in
ambient  air,  because  of  the  partial  contribution  of  the
SLC mechanism. This was corroborated by similar clean-
ing  experiments  under  high  vacuum  conditions,  in
which a further efficiency reduction compared to DLC in
ambient  atmosphere  was  observed.  Results  qualitatively
similar  to  the  nanosecond  laser  cleaning  experiments
discussed so far  were  found for  picosecond laser  pulses,
the  absolute  cleaning  threshold  values  being  somewhat
reduced for the ps compared to the ns pulses12,15.

The state of the interpretation of DLC at the end of the
1990s thus was that the detachment of particles is due to
the combined action of  acceleration (or rather decelera-
tion) of the substrate surface and the explosive evapora-
tion  of  adsorbed  water,  the  contributions  of  these  two
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Fig. 3 | Experimental  SLC efficiency  for  various  PS spheres  vs.
laser fluence. The number of cleaning pulses from a Nd:YAG laser

(λ =  532  nm,  FWHM  =  8  ns)  was  20  in  each  case.  The  cleaning

threshold is size-independent, and the efficiency exhibits a steep in-

crease  above  the  onset  of  cleaning  (110  mJ/cm2).  The  same

threshold  is  obtained  when only  1  cleaning  pulse  is  applied.  Figure

reproduced with permission from ref.15, SPIE.
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processes depending on the details of the experiment. In
several  theoretical  investigations,  the  effect  of  the
thermal  expansion  was  modelled;  some  of  these  studies
came to the conclusion that the mechanical model could
describe the experimental results reasonably well, where-
as  others  found  that  the  predicted  mechanical  forces
were too small  to account for the experimental  cleaning
thresholds10,16−20. 

Optical near fields of dielectric
nanostructures
In the following we will mainly consider commercial sil-
icon  wafers  as  the  substrate,  on  the  one  hand  because
these wafers were one of the main objects of laser clean-
ing11, but  also  because  they  are  very  smooth,  and there-
fore any  influence  of  the  particles  on  the  ablation  pro-
cess is more readily visible than for, e.g., evaporated met-
al films.

We present here the state of the art at the beginning of
the year 2000, when these phenomena were discussed at
a  conference  “High  Power  Laser  Ablation  III ”,  held  in
April 2000 in Santa Fe, USA. 

Laser-induced surface damage
Most of  the  experiments  up to  that  point  had been car-
ried  out  with  laser  pulses  in  the  ns  range.  In  order  to
evaluate the potential of DLC and SLC for the cleaning of
commercial silicon wafers, the studies from then on sys-
tematically  included  also  shorter  laser  pulses,  because  -
as  mentioned  above  –  the  intensity  window  between
cleaning threshold and melting of the silicon was some-
what broader  for  ps  lasers,  an  important  aspect  for  po-

tential applications.
In the experiments with ps pulses (and somewhat later

also with fs pulses) it turned out that the picture of DLC
outlined above was not complete: when surfaces cleaned
in  this  way  were  carefully  inspected  by  SEM  or  AFM,
surface defects in the form of small holes became visible,
as  shown  in Fig. 5 for 800  nm  PS  spheres  on  a  Si  sub-
strate, irradiated with a 30 ps pulse15. A similar observa-
tion of  surface  damages,  but  irregular  in  shape,  was  ob-
served  at  about  the  same  time  in  DLC  studies  of  glass
with  nanosecond  UV  laser  pulses,  where  Al2O3 powder
was used as test contaminant21,22.
 
 

3.8 μm

Fig. 5 | Scanning  electron  micrograph  of  a  cleaned  area  (DLC,
λ = 583 nm, FWHM 30 ps) in a sample contaminated with 800 nm
PS  spheres. Elliptical holes  can  be  found  over  the  illuminated  re-

gion, and also a remaining particle can be seen. Figure reproduced

with permission from ref.15, SPIE.
 

It was suggestive that the origin of these surface dam-
ages were the optical near fields of the test particles. This
interpretation  was  supported  by  Mie  calculations23,
which showed that the intensity underneath the particles
can be enhanced by an order of magnitude or even more
(depending  on  the  particle  size, Fig. 6), and  is  thus  loc-
ally well above the ablation threshold for the Si substrate,
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when  the  incident  laser  fluence  is  above  the  cleaning
threshold.  The  nanoholes  in  the  surface  are  therefore
nanoscopic ablation craters generated by the optical near
field.  At  about the same time,  Lu et  al.  and Zheng et  al.
considered  the  optical  near  field  of  a  small  transparent
sphere in their investigations of laser-induced particle re-
moval  from  silicon  wafers17,19.  In  these  papers  only  the
enhancement  of  the  thermal  expansion of  the  substrate,
and no laser ablation, was discussed.

At  that  point  it  was  not  clear  yet  whether  these  holes
are  just  a  by-product  of  the  irradiation  process,  or
whether  this  local  ablation  with  its  additional  pressure
acting upon the particle is crucial for the particle remov-
al.  In  an  additional  experiment,  the  initial  positions  of
the spheres on the wafer were therefore marked by evap-
orating a thin (10 nm) SiO2 layer after the deposition of
the particles,  but  before  the  laser  cleaning.  After  the  re-
moval of the particles,  their original position could thus
be determined by a contrast in the SEM pictures, as seen
in Fig. 7.
 
 

1 μm

Fig. 7 | Holes generated during DLC of a silicon surface with a fs
laser pulse (150 fs, λ = 800 nm) by an aggregate of six 1700 nm
PS spheres. Figure reproduced with permission from ref.15, SPIE.
 

The circular disk-like,  slightly brighter regions in Fig.
7,  which  are  due  to  the  thinner  (natural)  oxide  film  on
the  silicon,  mark  the  “footprint ”  of  the  spherical
particles.  It  was  found  that  every  such  footprint  had  an
ablation hole in its center, and that in the fs and ps DLC
experiments the removal of particles was always accom-
panied  by  the  appearance  of  such  holes.  Vice  versa,  no
holes were  found  under  particles  that  had  not  been  re-
moved  by  the  laser  pulse24.  Hence  the  ablation  process
could in these cases be directly related to the ejection of
material from the silicon substrate, which then also leads

to the observed crater formation.
This was further corroborated by a comparison of ver-

tical  and inclined irradiation of the test  particles. Figure
8(a) shows an example where a 1.7 μm sphere was irradi-
ated at an angle of incidence of 45° from the left. The ab-
lation hole is therefore not in the center, but at the right
edge of the particle´s footprint.  Another example is giv-
en in Fig. 8(b), where an aggregate of 3 particles, also ir-
radiated at 45°, detached only partly. Two of the spheres
generated  ablation holes,  and the  traces  of  the  substrate
material deposited on the spheres due to the ablation are
clearly visible.
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Fig. 8 | Holes generated during DLC of a silicon surface with a fs
laser  pulse  (150  fs, λ =  800  nm). (a)  laser  beam  incident  at  an

angle of 45° from the left side. (b) 45° incidence from the back. Fig-

ure reproduced with permission from ref.27,  John Wiley and Sons. A

more detailed description of ablation effects upon inclined irradiation

of nanospheres has been presented by Wang et al.131. 

Influence of particle size
Similar  holes  were  also  found  for  smaller  particles,  but
with  somewhat  different  shape.  The  essential  parameter
is the ratio between the particle diameter d and the laser
wavelength λ.  For d/λ >  1,  as  in  the  examples  shown so
far,  the  particle  acts  essentially  like  a  spherical  micro-
lens.  For  smaller  sphere  diameters,  the  character  of  the
optical near field gradually changes towards the field of a
dielectric  dipole.  This  is  shown  in Fig. 9.  At  the  same
time,  the  smaller  the  ratio d/λ is, the  more  the  field  en-
hancement is reduced. As a result, the incident intensity
necessary for particle detachment is expected to increase.
Experimentally,  this  was  confirmed:  while  for 1700 nm
spheres the cleaning threshold was 11 mJ/cm2, an incid-
ent  flux  of  25  and  80  mJ/cm2 was  necessary  to  remove
800 nm and 320 nm particles, respectively, using femto-
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second laser pulses with λ = 800 nm and FWHM = 150 fs24.
Experimentally, the asymmetry due to the dipole char-

acter  of  the  optical  near  field  for  the  smaller  particles
could already be guessed from the slightly elliptical hole
structures in Fig. 5. An example where the dipolar char-
acter  is  more obvious,  for  a d/λ value of  0.4,  is  depicted
in Fig. 10.  The  dumbbell-like  shape  of  the  hole  in Fig.
10(b),  determined  by  AFM,  clearly  reflects  the  intensity
distribution  of  the  near  field  in Fig. 10(a).  In  addition,
the hole is surrounded by a circular elevated rim. It was
shown  that  the  rim  consists  of  SiOx,  it  is  thus  material
which  is  ablated,  backscattered  from the  particle  during
the detachment,  and  is  partly  oxidized  during  this  pro-
cess. The similarity between the simulated and the exper-
imental pattern in Fig. 10 suggested that local ablation of
the smooth silicon substrate can be used to image the op-
tical  near  field  distribution  of  nanoscopic  objects.  This
will be further discussed in Section Optical near fields of
plasmonic nanostructures. 

Temporal development of near-field induced
structure formation
All the images of near-field induced structures shown so
far  represent  the  final  result  of  the  ablation  process.  In
order to understand the structuring in detail, however, it

is also desirable to investigate this process with high time
resolution. For  accessing  the  relevant  time  scale,  femto-
second  microscopy  is  necessary. Figure 11 shows a  se-
quence of frames, obtained by a pump-probe technique,
which  illustrates  the  near-field  induced  formation  of  a
hole  generated  in  a  Si  substrate  by  irradiating  a  7.9  μm
diameter silica sphere with a fs laser pulse25. Already for a
delay of 200 fs, one can observe the formation of a bright
spot,  located  adjacent  to  the  particle  position,  which  is
interpreted as evidence for the formation of a dense elec-
tron-hole plasma. At 4 ps delay,  this formerly bright re-
gion turns dark, indicating that strong ablation is already
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taking  place,  and  after  some  10  ps  the  image  hardly
changes. The authors conclude from their study, by com-
parison with “usual” far-field ablation, that in the tightly
focused  near-field  region  the  onset  of  strong  ablation  is
shifted to shorter times.

When  laser  pulses  longer  than  a  few  picoseconds  are
used for structuring, the character of the structure form-
ation  changes,  because  on  the  ns  time  scale  lateral  heat
flow in the substrate cannot be neglected any more. The
thermal  diffusion  length l =  2(Dτ)1/2 (D is  the  thermal
diffusion coefficient  and τ is  the  laser  beam dwell  time)
reaches  the  structure  size.  For  a  silicon  substrate,  e.g.,
one  finds  an  estimated  value l ≈  1  μm  for τ =  8  ns.
Moreover, melting  and  lateral  flow  of  the  molten  sub-
strate  become  important.  It  is  therefore  to  be  expected
that the  near-field  focusing  of  ns  pulses  leads  to  struc-
tures which are smeared out, compared to the fs counter-
part. This is indeed the case, as illustrated in Fig. 12. 

Particle-enhanced laser writing and nanostructuring
of regular hole arrays
Once  it  was  clear  that  the  observed  nano-holes  on  the
laser-cleaned Si surfaces were caused by the optical near
fields of the test particles, it was a relatively small step to-
ward using  this  effect  also  for  intentional  nanopattern-
ing  of  surfaces26,27.  If  one  is  not  interested  in  a  random
configuration  of  holes,  as  it  would  be  generated  by  the
spatial distribution of spheres in Fig. 2, but would rather
produce  a  regular  array  of  holes,  colloid  spheres  can  be
relatively  easily  applied also for  that  purpose,  since they
can  aggregate  (due  to  their  monodispersity)  to  self-or-
ganized,  densely  packed  monolayers  with  hexagonal
symmetry.

The  tendency  of  these  spheres  to  form  regular,
densely-packed  aggregates  in  the  drying  process  is
already visible  in Fig. 7,  where  the  holes  were  generated
by a  cluster  of  six  particles.  Under  appropriate  condi-
tions,  one  can  prepare  ordered  arrays  on  a  scale  of
cm2 28−31, which then can be used to generate millions of
nanoholes  with  one  laser  pulse  irradiation.  A  detailed
fraction  of  such  a  patterned  surface,  Si  in  this  case,  is
shown in Fig. 13(a) , where in the upper part the colloid
spheres are  still  present.  The  diameter,  depth  and  dis-
tance  of  the  holes  can  be  varied  over  a  broad  range  by
choosing the  right  colloid  sphere  size  and  the  laser  in-
tensity.

This  technique  has  been  used  by  a  number  of
groups32−45. Figure 13(b) shows  a  pattern,  again  on  a  Si
substrate,  with  holes  as  small  as  57  nm  FWHM41,  and
even smaller holes down to 30 nm in diameter have been
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Fig. 11 | Femtosecond-resolved ablation dynamics of Si in the near field of a small dielectric sphere, appearing as a black disk in the
top  left  frame.  Shown  are  surface  reflectivity  images  at  the  particle  location  for  different  time  delays  (indicated  in  the  upper  right
corners) upon exposure to a 120 fs-laser pulse incident from the left at an angle of 54°. With the exception of the images corresponding to

the surface before and after the arrival of the laser pulse, the images have been normalized to an image obtained blocking the pump pulse in or-

der to minimize the scattering effects caused by the 7.9 μm-diameter particle. A zoom (2×) has been applied to the relevant part of the image and

pasted as an inset. Figure reproduced from ref.25, under a Creative Commons Attribution License 2.0.
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Fig. 12 | Near-field induced holes created by irradiating clusters
of 800 nm PS spheres on silicon. (a) Trimer irradiated with a 100 fs

pulse. (b) Two dimers irradiated with an 8 ns pulse. The wavelength

was  in  both  cases λ =  800  nm.  Figure  reproduced  with  permission

from ref.33, SPIE.
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reported.  Various  surfaces  have  been  structured  in  that
way, among them polymers32,34,35,  glass40,43,  and also thin
metal  films36,43 and  silicon  membranes46. Often  femto-
second lasers have been used for the structuring process,
as  in Fig. 13,  where  the  holes  are  then  the  result  of  a
nano-ablation process. However, longer pulse lengths are
also possible to use for structuring,  as seen in the struc-
tured  thin-film  samples  shown  in Fig. 14,  which  were
produced with a KrF laser with a pulse length of 23 ns. In
this  case,  the  authors  ascribe  the  holes  to  local  melting
and evaporation.  Beyond  the  holes,  also  elevated  struc-
tures, referred to as nanobumps and nanocones, can res-
ult from the irradiation with ns laser pulses due to trans-

port  processes  in  the  substrate  at  such  relatively  long
time scales38,44,47−49.

More  complex  periodic  patterns  can  be  generated  by
immersing the substrate together with the particle mask
into  liquids  with  various  refractive  indices50,51. The  de-
tailed  structure  of  the  patterns  which  are  then  formed
upon  laser  irradiation  depends  on  the  difference  of  the
refractive indices of the particles and the surrounding li-
quid medium.

A  further  development  was  reported  by  Guo  et  al.52,
who  investigated  near-field  parallel  nanofabrication  of
arbitrary-shaped  periodic  patterns  by  using  variable
angles of  incidence  of  the  laser  beam  onto  the  nano-
sphere monolayer.  The principle and a resulting pattern
generated by a KrF laser (15 ns, 248 nm) in a 20 nm thick
eutectic  Sb70Tb30 film coated  on  a  polycarbonate  sub-
strate are shown in Fig. 15.
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Fig. 15 | (a) Schematic diagram of the experimental configuration for

direct  laser  writing  of  nanoline  arrays  on  a  Sb70Tb30 substrate sur-

face. (b) SEM image of two hexagonal nanodot arrays ablated by a

single KrF laser pulse (pulse width 15 ns) at an incident angle of 0°

(with a fluence of 6.5 mJ/cm2) and 30° (with a fluence of 1.0 mJ/cm2),

respectively.  Figure  reproduced  with  permission  from  ref.52,  AIP

Publishing.
 

Arbitrary patterning by means of a direct-write optic-
al method using the near field of microspheres in optical
traps  has  been  described  by  the  group  of  Arnold  et
al.53−55. An individual microsphere or also a microsphere
array, held by optical tweezers, are used as near-field ob-
jectives in aqueous solution above a substrate which can
be positioned by a translation stage. An AFM image of a
hole created this way in a polycarbonate surface is shown
in Fig. 16.

In Table 1, the experiments on optical near-field nano-
structuring  with  dielectric  micro-  and  nanospheres  are
summarized. The created nanostructures are named as in
the corresponding publications,  either “craters”,  “holes”
or “dents” (if a depression is generated) or “bumps”, “hil-
locks ”  or  “cones ”  (for  elevations).  Most  structures  are
100  nm  in  size  or  larger;  only  structures  below  100  nm
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Fig. 13 | (a)  Nanohole  pattern  generated  by  illuminating  an  ordered

array  of  PS microspheres  with  a  single  laser  pulse  (τ =  150 fs, λ =

800 nm). Some remaining spheres are also seen. (Sphere diameter

800  nm;  similar  images  are  shown  in  ref.33).  (b)  Silicon  nanoholes

fabricated  on  a  (100)  Si  surface  by  using  a  single-shot  265.7-nm

Ti:sapphire laser radiation (300 fs, fluence 15 ± 3.5 mJ/cm2) together

with a regular lattice of SiO2 microspheres (r = 150 nm). The width of

the holes at FWHM is 57 ± 6.5 nm and their depth with respect to the

original silicon surface 6 ± 1 nm. Figure reproduced with permission

from ref.41, Springer Nature.
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Fig. 14 | (a) (i) and (ii) SEM image of a periodic pit array in a 35 nm

thick Al film on silicon, formed after the illumination of 0.95 μm SiO2

particles  by  a  single  pulse  with  a  fluence  of  300  mJ/cm2 (KrF exci-

mer laser, λ = 248 nm, pulse width 23 ns). (b) AFM image and depth

profile  of  a  pit.  Figure  reproduced  with  permission  from  ref.36,  AIP

Publishing.
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are mentioned in the column “special features”. Only the
most important parameters are listed here, for details the
reader is referred to the original papers.

A  few  years  after  the  first  experiments  on  laser-in-
duced  ablation  in  the  optical  near  field  of  micro-  and
nanospheres, the term “photonic nanojet” was coined for
the  tightly  focused  light  distribution  near  the  shadow-
side  surface  of  the  microlenses56.  Many  investigations
have since then been carried out, where the effect of the
strongly localized, high intensity light field of these nan-
ojets  has  been  used  for  applications  in  various  fields  in
optics,  electronics,  and  even  biomedical  research,  well
beyond laser  ablation nanostructuring.  Nonlinear  optic-
al phenomena have been exploited, e.g., in the optical ab-
sorption of  VO2 and graphene oxide57−61.  Reviews about
photonic nanojets can be found, for example, in ref.62−64.
The investigations  described  above  and  the  results  ob-
tained  for  the  nanostructuring  of  surfaces  by  means  of
the  optical  near  field  of  small  transparent  spheres  have
also stimulated a development in the “reverse” direction,
from near  field  to  far  field,  namely  an  important  im-
provement of  optical  microscopy:  using  silica  micro-
spheres  with  diameters  between  2  and  9  μm,  integrated
in  a  classical  optical  microscope,  the  group of M.  Hong
has obtained a considerable extension of the optical res-
olution,  and  has  imaged  feature  sizes  as  small  as  23
nm65,66. Chen et al. have presented a recent review about
this  technique,  including  its  potential  and  perspective67.
A general overview over the near-field properties of high
refractive index dielectric nanostructures and their use in

functional nanostructures at optical frequencies has been
given by Decker and Staude68. 

Optical near fields of plasmonic
nanostructures
While  dielectric  particles  are  already  quite  efficient  for
obtaining optical near fields on a scale distinctly smaller
than the  wavelength  of  light,  an  even  stronger  localiza-
tion can be achieved with metallic nanostructures due to
their plasmonic  excitations.  In  scanning  probe  micro-
scopy,  this  was  used  as  a  further  advancement  of  the
Scanning Near-Field  Optical  Microscope  (SNOM):  in-
stead of a tiny aperture at the end of a glass fiber, one can
also illuminate a fine metallic tip, with which – as an an-
tenna – light can be coupled from the near field into the
far  field  (and  vice  versa).  This  so-called  aperture-less
SNOM (aSNOM) has  been developed towards  a  power-
ful microscopy technique with excellent resolution69−73.

One  of  the  first  efforts  to  exploit  this  antenna  or
“lightning rod ”  effect  towards  nanostructuring  of  sur-
faces  was  made  already  in  1996  by  Jersch  and
Dickmann74.  These  authors  illuminated  the  metallic  tip
of  an  STM  with  the  pulses  of  a  Nd:YAG  laser  (pulse
width  ~  10  ns)  and  could  generate  in  this  way  hole-  or
hillock-like  structures  in  the  range  of  several  nm.  They
called their technique FOLANT (Focusing of Laser Radi-
ation  in  the  Near  Field  of  a  Tip).  Shortly  afterwards  it
was  demonstrated,  however,  these  structures  were  not
caused by the high electromagnetic field at  the tip apex,
as  originally  suggested,  but  resulted  rather  from  the
thermal expansion of the illuminated tip, which leads to
a momentary mechanical  contact  with the substrate75−77.
The appearance  of  the  nanostructures  was  thus  domin-
ated by  the  adhesion  properties  of  the  tip/sample  com-
bination. Only a few years later,  evidence was presented
by the Singapore group that under certain conditions the
near-field enhancement of ns pulses dominates over the
mechanical modification of the substrate following from
the thermal expansion of the tip78−80. Subsequently, Grig-
oropoulos  and  coworkers81,82,  demonstrated  optical-
near-field-induced structuring by an STP tip illuminated
by fs  laser  pulses,  where  thermal  effects  play  an inferior
role compared to ns pulses . 

Triangular plasmonic nanostructures
In order to disentangle structuring effects due to optical
near fields from those originating from a pulsed mechan-
ical contact between tip and sample, one can use proper
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Table 1 | Experiments on nanostructuring of various surfaces by means of local laser ablation or melting, using the optical near field of
dielectric spheres.
 

Year
Structured
material

Nanosphere size
(nm)
and material

λ (nm)
Laser pulse
length

Created
nano-
structures

Special feature Reference

2000 Si 320–1700 PS
583
800

30 ps
150 fs

holes ref.15

2000 Si 500 SiO2 248 23 ns hillocks multiple pulses ref.26

2001 Si, BK7 glass 320–1700 PS
800
800

100 fs
8 ns

holes
vertical and inclined
incidence

ref.28

2001 Si
320–1700
SiO2, PS

800
583
532

150 fs
30 ps
6.5 ns

holes ref.24

2001
urethane-urea
copolymer

100–2000 PS
335
532
1064

5 ns
5 ns
5 ns

dents particle array ref.32

2002
Si, Ge,
BK7 glass

320/800 PS
800
400
800

100 fs
100 fs
8 ns

holes

shallow pools
particle array ref.33

2002 Polyimide 3000 SiO2 248 28 ns holes particle array with spacer ref.34

2002 PET 5000 SiO2 248 28 ns holes particle array with spacer ref.35

2002 Al film
140–1000
SiO2, PS

248 23 ns holes
particle array,
min hole size 30 nm

ref.36

2003 Si
560 PS
640 SiO2

248
355

10 ns
10 ns

dents particle array ref.37

2003 Si 750 PS
532
pulse

8 ns cones ref.47

2003 Si 6000 SiO2 248 28 ns cones particle array with spacer ref.48

2003 Si 1300 PS 532 8 ns cones ref.49

2004 GeSbTe film PS 248 23 ns
arbitrary
patterns

particle array, various
incidence angles

ref.131

2005 Si 1000 PS 248 23 ns bumps particle array ref.38

2005 Si 200–820 PS 820 100 fs holes
particle array,
min. hole size 67 nm

ref.39

2006 glass 1000 SiO2 800 100 fs craters particle array ref.40

2007 Si 150 SiO2 266–797 300 fs holes
particle array,
min. hole size 57 nm

ref.41

2007 Si 1000 PS 248 23 ns bumps, holes particle array ref.42

2007 Sb70Te30 film 1000 SiO2 248 15 ns
arbitrary
patterns

particle array, various
incidence angles

ref.52

2008 Polyimide
490–3000 PS
520 SiO2

355 15 ns arb. patterns optical trap ref.53

2009 Polyimide 760–3000 PS 355 15 ns arb. patterns optical trap array ref.54

2009 Si membr. 4300 SiO2 532 10 ns holes through holes ref.46

2009
glass, Au-, Ag-, Co
films

700 PS 532 400 ps holes ref.43

2010 Polycarbon. 760 PS 355 15 ns arb. patterns optical trap ref.55

2010 Si 5000 SiO2 532 8 ns
bumps,
craters

particle array ref.132

2010 Si, SiO2 200 TiO2 400 100 fs holes high index particles ref.133

2010 Si 1500 SiO2 248 23 ns bumps particle array ref.44

2013 Si 1000 SiO2 193 25 ns craters array, multiple pulses ref.45

2015 Si
195–1500
SiO2, melamine

355 8 ps
complex
patterns

particle array in organic
liquids

ref.50

2016 Si
350–5000
SiO2, PS

355
532

8 ps
8 ps

complex
patterns

particle array in organic
liquids

ref.51
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nanoparticles deposited on the surface, instead of a scan-
ning  probe  tip.  Effects  of  thermal  expansion  are  then
considerably smaller. For the generation of locally tightly
confined  fields  and  large  enhancement  factors,  metallic
nanostructures with tips  as  sharp as  possible  are  prefer-
able.  Such  structures  can  be  produced  with  the  help  of
the  self-organized  compact  monolayers  of  colloid
spheres  mentioned  already  above.  Using  these  particle
arrays as  evaporation  masks,  flat  triangular  nanostruc-
tures can be prepared in a quite versatile way, where both
the  size  and  the  thickness  can  be  chosen  over  a  wide
range from several ten nanometers up to microns by us-
ing the proper colloid sphere size and evaporation condi-
tions28−31. Also, the material of the evaporated nanostruc-
tures can  be  chosen  at  will.  For  most  of  the  investiga-
tions to be discussed below the metal of choice was gold
because of  its  superior  plasmonic  properties  and  resist-
ance against corrosion. The main advantage of this “col-
loid lithography ”  is  that,  while  relatively  easy  to  be  im-
plemented,  it  allows  one  to  produce  periodic  arrays  of
uniform nanostructures over areas as large as the colloid
mask (cm2) in a parallel fashion. Moreover, the triangles

prepared in this way can have tip radii as small as 5 nm83,
a scale which is difficult to achieve by conventional litho-
graphic  techniques.  An  example  of  such  an  array  of
nano-triangles  is  shown  in Fig. 19.  In  addition  to  these
colloid-generated triangles, many other plasmonic struc-
tures  have  been  used  for  optical  near-field  studies,  like
spheres84−86 and various kinds of rod-, bow-tie-, disc-like
etc. nanoantennas, mostly prepared by electron- and ion-
beam lithography.  Some  of  them  will  be  discussed  fur-
ther below.

The  first  time  that  plasmonic  structures  like  the  ones
shown  in Fig. 17 were used  for  nanoablation  experi-
ments was – to the best of our knowledge – reported in
200483. As for the dielectric spheres in the last section, sil-
icon  was  the  substrate,  and  single  femtosecond  laser
pulses  served  as  light  source.  The  intensity  of  the  pulse
was adjusted to a value sufficiently low so that the parts
of the substrate far away from the triangles were not af-
fected. Figure 18 shows the result of such an experiment.
The original gold structures seen in Fig. 18(a) were com-
pletely removed by the laser pulse (possible mechanisms
are discussed by Huang et al.87), and the silicon substrate
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Fig. 17 | (a) SEM image of a regular array of triangular nanostructures prepared by colloid lithography. The colloid monolayer used as an evapor-

ation mask has only been partly removed in this case. (b) AFM image of one triangle. Note that the scale in vertical direction is enlarged com-

pared to the scale in plane. Figure reproduced with permission from ref.106, under the a Creative Commons Attribution License 2.0.
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Ti:sapphire laser, λ = 800 nm, pulse width 150 fs). (c) After chemical removal of the gold. Light polarization vertical (indicated by the arrow on the
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process through the colloid mask. Figure reproduced with permission from ref.83, AIP Publishing.
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was  intact  mostly  outside  and  also  inside  the  triangle
areas, except for some of the triangle corners, where ab-
lation holes, discernible by the dark spots, are clearly vis-
ible.  These  holes  are  surrounded by  elevated  rims,  as  in
parts  of  the ablation holes  in Section Optical  near fields
of  dielectric  nanostructures.  After  chemical  removal  of
the remaining gold clusters visible in Fig. 18(b), the hole-
rim structure  in  the  substrate  becomes  even  more  evid-
ent (Fig. 18(c)). It was found that the radius of curvature
at the tips of the ablation holes can be as small as 5 nm,
which was  also  the  tip  radius  of  the  original  gold  struc-
ture.  Since  the  substrate  will  be  ablated  under  and  near
the  plasmonic  particle  only  where  the  local  intensity  is
high enough, it was argued in ref.83 that the resulting ab-
lation pattern  in  the  substrate  thus  represents  a  nonlin-
ear “photograph” of the optical near field distribution of
the nanoparticle under study.

The method works for the same kind of gold triangles
not only on silicon, but also on smooth glass substrates,
as demonstrated by Jamali et al.88. Figures 18 and 19 were
a  clear  proof  of  the  field  enhancement  at  sharp  tips  of
plasmonic structures. Moreover, they demonstrated that
imaging  optical  near-field  intensities  by  means  of  this
method  is  possible  not  only  for  relatively  broad,
smeared-out distributions like simple dipolar patterns as
in Fig. 10,  but  also  for  more  complex  near  fields,  and
with a resolution of better than 1/50 of the incident light
wavelength λ = 800 nm. Compared to the aSNOM men-
tioned earlier  and  related  techniques  it  has  the  advant-
age that no probe tip is required which might disturb the
near-field distribution.  It  adds  to  other  powerful  meth-
ods for imaging optical near fields which do not rely on a
probe  tip,  e.g.  two-photon  polymerization89−91, photo-
chemical  imaging92, phase  change  in  certain  chalcogen-

ide  films93,94, parabolic-mirror-based  confocal  micro-
scopy95, spatially resolved third harmonic emission96, and
photoelectron  microscopy  (PEEM)97,98.  Advantages  of
the nanoablation technique are the high resolution, relat-
ive  simplicity,  and that  it  can be  applied under  ambient
conditions.  In  addition  to  ablation  of  silicon  and  glass
substrates,  also  polymer  coatings  have  since  been  used
for electromagnetic-field-enhancement mapping around
nanostructures99.

On  closer  inspection,  the  observed  ablation  pattern
shown in Fig. 18 caused a puzzle: although it was expec-
ted that the near-field pattern of a metallic triangle, when
illuminated with  polarized  light,  is  anisotropic  and  dis-
plays  strong  field  enhancement  at  the  triangle  tips,  the
orientation of the field enhancement was surprising. One
could  have  expected  that  field  enhancement  occurs
mainly at the tips parallel to the polarization of the elec-
tric  field,  like  in  a  dipole  antenna.  However, Fig. 18
shows  that  the  intensity  was  largest  for  the  tips  aligned
perpendicular to the electric field, and the tip pointing in
the  direction  of  the  polarization  did  not  bear  a  visible
sign of field enhancement. (Another observation of “un-
expected”  polarization  has  more  recently  been  reported
by Metzger et al.100 for the second-harmonic near field of
inversion-symmetric gold dipole nanoantennas. The au-
thors  report  strong  experimental  evidence  that  the
second-harmonic dipole  field  was  predominantly  ori-
ented  perpendicular  to  the  dipole´s  long  axis,  although
the excitation laser was polarized parallel to the dipoles.)

A hint for the origin of this apparent contradiction in
the case of nanotriangles came from studying triangles of
different size. For the smallest ones, with a side length of
160 nm, the field enhancement was highest for the tip in
the field direction,  in agreement with naïve expectation,
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Fig. 19 | (a) AFM image of a single triangular gold nanoparticle on glass before laser treatment. (b) and (c) AFM images of the sample after illu-

mination with a single linearly polarized laser pulse with a pulse duration of 35 fs. The black arrows indicate the polarization direction of the laser
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and  also  with  calculations83.  For  an  intermediate  size
with  240 nm side  length the  field  enhancement  reached
its  maximum not  at  the  tip,  but  rather  in  the  middle  of
the  edge  perpendicular  to  the  plane  of  polarization.
These  examples  showed  that  plasmon  resonances  in
metallic nanostructures can be quite complex because of
the excitation of  higher multipole  modes,  depending on
size  (and,  as  it  turned  out  later,  also  on  several  other
parameters,  like  the  curvature  of  the  triangle  edges).  A
clue in that direction, however with much lower resolu-
tion,  also came from far-field measurements on colloid-
mask-generated triangles using confocal scanning micro-
scopy101. It  was  clear,  therefore,  that  for  a  better  under-
standing  of  the  described  near-field  patterns  a  more
thorough  investigation,  in  particular  also  by  means  of
simulations, was required.

In  the  course  of  time,  various  simulation  techniques
have been applied to model the near-field distribution of
nanostructures, the most frequently used ones being the
Discrete Dipole  Approximation  (DDA)  and  Finite  Dif-
ference  Time  Domain  (FDTD)  simulations102. An  ex-
ample for a DDA simulation which models the plasmon

modes of single flat triangular structures is shown in Fig.
20 for two sizes, 480 and 240 nm side length, and two po-
larization directions of the incident beam with respect to
the  orientation  of  the  triangle.  For  polarization  along  a
triangle  baseline  one  observes  in  the  upper  row  two
identical  peaks  of  the  field  enhancement  in  the  two
corners along  the  polarization.  For  incident  light  polar-
ized perpendicular to that direction, the intensity in one
of  the  corners  is  about  6  times  higher  than in  the  other
two corners.  As one can see in the lower row of the fig-
ure,  this  behavior  qualitatively  does  not  change  for  the
two sizes studied.

A  comparison  of Fig. 20 with  experimental  patterns
like  in Fig. 18 revealed  that,  while  the  calculated  near-
field distributions  for  the  small  triangles  are  in  agree-
ment,  the  discrepancy  for  the  larger  ones  persisted.  It
was  then  suggested  that  the  disagreement  might  be
caused by the periodic array of the particles in the exper-
iment,  which  might  give  rise  to  interference  effects,
whereas the  calculations  had  been  performed  for  indi-
vidual triangles. However, a subsequent experiment with
isolated  triangles  did  not  yield  a  significantly  different
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near-field distribution, ruling out this explanation103. An-
other difference  between  the  conditions  in  the  simula-
tion and the experiment was the actual  shape of  the tri-
angles: whereas the calculations had been performed as-
suming  triangles  with  straight  edges,  the  experimental
structures had slightly  curved edges  due to  the prepara-
tion using nanospheres. Taking this feature into account
eventually  solved  the  riddle: Figure 21 presents simula-
tion results (this time with FDTD simulation software by
Lumerical  Inc.,  which  allows  for  a  highly  detailed  3-di-
mensional  modeling  of  the  plasmonic  structure  and  its
surroundings)  for  the  near-field  enhancement  of  small
(85 nm) and large (540 nm) triangles with curved edges,
and – to be even closer to the experiment – for hexagon-
al arrays of these structures104. Figure 22 shows for com-
parison  the  experimental  nano-ablation  patterns  for  the
same  sizes.  The  agreement  in  the  patterns  is  now  quite
remarkable. This  demonstrates  that  an unimportant  de-
tail at  first  sight  can  be  essential  for  the  proper  simula-
tion of  plasmonic  nanostructures.  The  FDTD  calcula-

tion correctly assigns the observed patterns to multipole
excitations  of  the  larger  triangles.  This  explains  the
strong  difference  to  the  smaller  triangles,  where  the
wavelength  is  close  to  the  primary  (dipolar)  resonance.
As an additional result, the inset in Fig. 21 (right) for the
simulation  of  an isolated triangle  shows  that  for  this
particle size there is no essential difference to the period-
ic array, also in line with the experimental finding103.

In order to check the relevance of the detailed shape of
a  plasmonic  structure  for  its  near  field  even  further,  a
direct  comparison  for  the  two  triangle  shapes  discussed
above was carried out by Kolloch105,106. In this case all the
structures  were  prepared  by  electron  beam  lithography,
with identical  thickness  and  tip  distances  in  each  tri-
angle, just the edges were straight in one case and curved
in the other.  The ablation patterns (Fig. 23) confirm the
previous  results  and  are  in  convincing  agreement  with
the  corresponding  FDTD  simulations  (Fig. 24).
Moreover, the straight-edged triangles exhibit closely the
patterns  predicted  several  years  earlier  by  the  DDA
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calculations103.  For  DDA simulations,  the importance of
such  highly  detailed  models  has  also  been  shown  by
Perassi107.

The  same  method  of  nanolithographic  mapping  of
near-field distributions via ablation has recently been ap-
plied by Nagy et al.108 in an investigation of near-field-in-
duced femtosecond breakdown of gold triangles of about
half  the  structure  size  shown  in Fig. 23.  Results  for  the
near-field  distribution  of  somewhat  bigger  triangular
gold  structures  than  in Fig. 23 have  been  obtained  by
Scheffler et al.109 using multiphoton photoemission elec-
tron  microscopy  (nP-PEEM),  and  good  agreement  with
finite element simulations was also found in this case.

Whereas  for  the  spatial  distribution  of  the  near  field
enhancement  quite  satisfactory  agreement  has  been
achieved  between  experiment  and  simulations,  there  is
still  some  gap  regarding  the absolute values  of  the  en-
hancement.  Typically,  the  experimental  enhancement

factors are  distinctly  below  the  calculated  ones,  espe-
cially if details of the structure like roughness, tip radius
and inclination of  the edges  are  not  properly  taken into
account. So far, there exist only few quantitative investig-
ations; for  some  triangular  structures,  the  experiment-
ally  determined  enhancement  (based  on  a  method  of
evaluating  the  ablation  thresholds  with  and  without
particles84,110) was by a factor of 2 to 5 below the simula-
tion results106.

Like for  the  dielectric  nano-spheres  discussed  in  Sec-
tion Optical  near  fields  of  dielectric  nanostructures,  also
the optical near fields of plasmonic particles can be used
for the purpose of nanostructuring surfaces, with a large
variety  of  patterns  that  can  be  generated.  Important
parameters are the polarization, fluence and angle of in-
cidence  of  the  laser  light,  the  size  of  the  structures  and
their thickness,  the refractive index of the substrate,  etc.
Two examples are shown in Figs. 25 and 26 for the case
of gold triangles, which were used for structuring a glass
surface  applying  the  techniques  described  above111,112.
With  the  profound  understanding  in  simulating  optical
near  fields  that  has  been  achieved,  based  on  the  mutual
feedback  between  simulations  and  experiment,  reliable
predictions  are  now  feasible  how  to  tailor  plasmonic
nanostructures  in  order  to  obtain  a  desired  pattern  by
means of laser nanoablation.

The near-field  enhancement  in  metallic  nanostruc-
tures due to plasmonic excitations can be used not only
to  pattern  the  surrounding  material,  but  also  to  modify
the  plasmonic  structures  themselves.  For  this  purpose,
picosecond  pulses  are  most  suitable:  they  last  long
enough to allow local melting of the nanostructure in the
regions  of  high  near  field,  but  are  still  so  short  that  the
thermal  diffusion  and  hence  melting  does  not  extend
over  the  whole  structure,  as  is  the  case  for  ns  pulses113.
Figure 27 shows  the  result  of  irradiating  an  array  of  Au
triangles with a single ps pulse; only two tips of each tri-
angle are  modified  under  the  conditions  of  this  experi-
ment104. A comparison of the six different triangles in the
inset  reveals  that  even  the  details  of  the  molten  tips  are
nearly identical for triangles with the same orientation. 

Other plasmonic nanostructures
The focus of  this  historical  review is  on the optical  near
fields  of  triangular  gold  structures  and  their  nano-abla-
tion patterns.  There  are,  however,  also  many  investiga-
tions of  patterns  generated  by  other  plasmonic  struc-
tures  like  metallic  spheres  and  rods,  which  started
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somewhat  later.  Overviews  over  plasmonic  near  fields,
their  imaging  and  applications  for  nanoprocessing  have
been given in the last decade in a number of review art-
icles, see, e.g.114−119.

An  early  investigation  of  the  optical  near  fields  and
nano-hole  fabrication  by  spherical  gold  particles  with
sizes  of  40,  80  and  200  nm  was  presented  in  2006  by
Nedyalkov et al.84,120.  These authors pointed out that the
observed nano-hole  profiles  in  the  fluence region below
the ablation threshold of  bulk Si  resembled the laser in-

tensity distribution  on  the  substrate  surface.  When  lin-
early  polarized  laser  radiation  was  used,  the  holes  were
found  to  exhibit  an  elongated  shape  in  the  direction  of
polarization,  similar  to  the  case  of  small  dielectric
spheres,  but  with  a  much  higher  enhancement;  for  200
nm  spheres,  enhancement  factors  of  26  and  7.5  were
found  in  simulation  and  experiment,  respectively.  The
hole  diameters  were  between  several  ten  and  hundred
nm, the hole depths ranged from a few to several ten nm.
A  similar  study  was  carried  out  about  a  year  later  by
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Eversole  et  al.110 (Fig. 28), who investigated  also  the  dif-
ference between perpendicular and inclined incidence of
s-  and  p-polarized  light.  They  found  that  the  measured
field-enhancement values  agreed  well  with  the  calcu-
lated ones, and in some case even a slight increase above
the theoretical value was observed.

In  the  same  year,  Nedyalkov  et  al.  studied  the  nano-
ablation by gold spheres on a different substrate, namely

a  platinum film85.  Since  the  spheres  partly  formed 2-di-
mensional  aggregates,  similar  to  dielectric  colloid
spheres, these  authors  obtained  also  results  for  such  ar-
rays and  checked  the  influence  of  the  interparticle  dis-
tance  on  the  field  enhancement.  It  turned  out  that  for
these  metallic  spheres  –  in  contrast  to  dielectric  ones  –
edge  particles  display  the  strongest  field  enhancement.
Again, the experimental results confirmed the theoretic-
al  findings  and  demonstrated  that  the  produced  near
fields  can  lead  to  a  permanent  substrate  modification.
Somewhat  later,  Hashimoto  et  al.121,122 observed  the
formation of craters of less than 10 nm diameter in boro-
silicate glass substrates upon irradiating 40 nm gold nan-
oparticles with  a  nanosecond  pulsed  laser  beam.  Im-
amova et al.86 reported the preparation of metallic nano-
particle  arrays  by  laser  annealing  and  dewetting  of  thin
Au  and  Ag  films  on  SiO2 substrates  and  obtained  also
images  of  the  near  fields  of  the  such-produced  particles
by the nano-ablation method.

In  addition  to  metallic  spheres,  also  metal  nanorods
have  been  used  for  optical  near  field  and  laser  ablation
studies. Using Au nanorods on a Si substrate, Harrison et
al.  investigated  the  role  of  near-field  enhancement  for
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such  structures  in  plasmonic  laser  nano-ablation123,124.
Near the ablation threshold, features as small as 22 × 66
nm, given by the size of the gold particles, were found as
“photo-imprints” (Fig. 29).

From  their  results  Harrison  et  al.  concluded  that  the
rod-shaped ablation  structures  matched  the  enhance-
ment  patterns  of  the  Poynting  vector  magnitude  rather
than the electric  field  |E|2 enhancement pattern,  as  used

in  most  previous  work.  This  result  was  disputed  by  the
group  of  Meunier125 who showed  that  in  their  experi-
ment the data matched the |E|2 pattern. The latter result
was also  found  by  Kolloch  to  hold  for  his  ablation  pat-
terns of triangular gold structures105, as shown in Fig. 30.

Meunier´s  group  also  addressed  the  question  what
eventually  limits  the  size  of  the  ablation  features  in  Si
substrates126.  Again,  gold  nanorods  were  used  as
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plasmonic particles. The observed hole shape seemed in-
consistent with  the  calculated  field  distribution,  but  us-
ing  a  carrier  diffusion-based  model  both  the  shape  and
the depth of  the nanoholes  could be explained.  Accord-
ing to this model, charge carriers created as electron-hole
pairs  in  the  nanostructure´s  enhanced  near  field  diffuse
before they transfer their energy to the Si lattice, produ-
cing ablation. As the authors point out, the strong local-
ization of the energy absorption, which can be distinctly
smaller than the carriers´ diffusion length, is the key dif-
ference  between  nano-ablation  and  conventional  laser
ablation127,128 of silicon. A similar argument has been put

forth by Kolloch105,106 based on the size of  near-field ab-
lated nanoholes  at  the  apex  of  an  optical  bow-tie  an-
tenna.  Carrier  diffusion  will  thus  limit  the  achievable
minimum ablation feature size in silicon to the so far ob-
served scale of  about 10 nm83,84 even if  plasmonic struc-
tures with more tightly confined near fields could be pre-
pared. With other materials, however, where this broad-
ening  process  is  absent,  even  smaller  features  might  be
accessible.

An  overview  over  the  nanostructures  generated  by
plasmonic near fields, as discussed in this chapter, is giv-
en  in Table 2.  As  in Table 1,  only  the  most  important

Table 2 | Experiments  on  nanostructuring  of  various  surfaces  by  means  of  laser  ablation,  using  the  optical  near  field  of  plasmonic
structures.
 

Year
Structured
material

Plasmonic
structure:
shape and
 size (nm)

Plasmonic
material

λ (nm)
Laser pulse
length

Created nano-
structures

Special feature Reference

2004 Si
triangles side length
160,240,450

Au 800 150 fs
holes, min. diam.
10 nm

particle array ref.83

2006 Si
spheres, dia.
40, 80, 200

Au 820 100 fs
holes, min. diam.
40 nm

ref.84

2007 Pt spheres, dia. 200 Au 800 100 fs holes particle array ref.85

2007 Si spheres, dia. 150 Au 780 220 fs
craters, depth
20 – 100 nm

vertical and
inclined incidence

ref.110

2007 Si
triangles, side length
240, 480

Au 800 150 fs holes particle array ref.103

2009 fused quartz
triangles,
side length 74

Au 790 35 fs
channels,
width 96 nm

particle array ref.111

2009 glass
spheres, dia.
40

Au 532 6 ns
craters,
width < 10 nm

multiple laser pulses ref.121

2010 Si
rod,
22 × 66

Au 780 184 fs
rectang. hole,
depth 4 nm

ref.123

2011 glass spheres, dia 40-50 Au 532 6 ns craters ref.122

2011 Si
rod,
25 × 84

Au 800 120 fs
double crater,
depth 3 nm

ref.125

2011 fused quartz
triangles,
side length 140

Au 790 35 fs

holes,
width 23 nm
grooves,
width 44 nm

particle array ref.112

2011 Si
triangles,
side length
85, 540

Au
800
800

150 fs
300 ps

near field image
craters, min. width
< 10 nm

particle array ref.104

2013 Si
triangles,
bow-tie,
530

Au
800
800

150 fs
300 ps

near field image
craters

particle array ref.106

2013 fused quartz
triangles,
side length
100, 320

Au 790 35 fs
holes,
dia. 100 nm

particle array ref.88

2013 PMMA
squares side length
450 nm

Au 790 100 fs ablation spots particle array ref.99

2020
fused silica, with
ITO film on top

triangles
154 × 164

Au 803 40 fs
near field image
craters

particle array,
multiple laser pulses

ref.108
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parameters  are  mentioned here,  for  details  the  reader  is
referred to the original papers. 

Conclusions
It was the goal of this historical review to give an impres-
sion of the early investigations of optical near-field struc-
turing, dating back about 20 years, out of which the more
recent applications  developed.  This  history  is  an  ex-
ample  that  often  new  methods  emerge  out  of  studies
with  a  quite  different  perspective.  The  starting  point  of
near-field  nanopatterning  was  laser  cleaning  in  the
1990s. There the aim was just the opposite, namely to re-
move contaminating  nanoparticles  from  delicate  sur-
faces  without  any modification of  the  substrate.  Once it
was clear, however, that dry laser cleaning - in spite of its
at-first-sight  gentle  and  contactless  removal  concept  -
gave rise to local ablation in the substrate, this new pos-
sibility of nanostructuring was quickly adopted and stud-
ied by a number of groups worldwide. In the beginning,
the  focus  was  on  structuring  surfaces  by  means  of  the
near  field  of  transparent  nanospheres,  which  offer  the
additional  advantage  that  they  easily  self-organize  in
large regular  arrays  and  thus  enable  one  to  pattern  sur-
faces  with thousands or  millions of  nanoholes  in a  one-
step process with just one laser pulse on many substrates
of choice,  including  metals,  semiconductors  and  dielec-
trics.  With  the  methods  being  refined  in  the  course  of
time, structures more complex than just  periodically ar-
ranged  round  holes  could  be  generated  with  the  near
fields of these nanospheres, and in addition also chemic-
al  etching  and  other  nanoscale  surface  modifications
were achieved, which are interesting for chemical, biolo-
gical and medical purposes.

Metallic  (that  is  plasmonic)  structures  can  enhance
electromagnetic  fields  even  more  and  to  even  smaller
scales  than  dielectric  ones.  This  has  been  demonstrated
not only for nanostructuring with spheres, but also with
less  symmetric  objects  such as  triangles,  rods,  etc.  Since
in the field of plasmonic applications the detailed distri-
bution of the optical near fields is of paramount import-
ance,  many  efforts  have  been  directed  towards  imaging
these  near  fields.  Nanoablation  has  in  this  context
proven as a convenient method with high resolution and
without the often disturbing influence of a probe tip, as it
is  necessary  for  some  of  the  other  imaging  techniques.
The  in-depth  comparison  of  the  experimental  ablation
patterns with  simulations  have  revealed  excellent  agree-
ment  in  the  spatial  distribution  of  the  near  fields,

provided all  the essential  details  of  the plasmonic object
are  taken  into  account  in  the  simulations.  It  has  also
been  shown,  however,  that  the  calculated  enhancement
factors are  typically  somewhat  larger  than  the  experi-
mental  ones,  yet  of  the  same  magnitude.  From  such
knowledge  one  can  draw  conclusions  how  trustworthy
simulations of more applied structures like optical anten-
nas or plasmonic tweezers ref.129,130 can be.
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