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limit and using the smallest possible 
wavelength[12] or by forgoing optics alto-
gether by switching to electron beam 
writing.[13] Super-resolution techniques, 
like near-field scanning optical microscopy 
(NSOM)[14–16] and photo-activated locali-
zation microscopy (PALM),[17–19] show 
a number of ways to work around the 
limitations of far-field optics, achieving 
deeply sub-diffractive resolution. However, 
fluorescence-based techniques are limited 
to sparsely distributed sources and scan-
ning probes have very simple and small 
exposure or collection volumes that neces-
sitate slow, point-by-point raster-scanning 
measurements. Modern inverse design 
approaches to computational imaging 
and parameter retrieval[20–23] defeat these 
constraints by careful modelling. Yet, 

these methods take up either additional complexity to account 
for their limited knowledge of exposure field patterns or the 
requirement of detailed a priori knowledge on the family of 
structures under study. Improved control of nanoscale fields 
would drastically expand the range of applications where 
such computational imaging can compete with traditional 
superresolution techniques.

Structuring light on the nanoscale for imaging purposes 
has been studied in a number of contexts and by a number 
of methods. Beams generated by far-field optics can generate 
nanoscale features through the phenomenon of superoscil-
lation,[24,25] but superoscillatory features are inevitably many 
orders of magnitude weaker than the corresponding diffrac-
tion-limited spot and have large sidebands.[26–29] In order to 
control nanoscale fields without those drawbacks, one has to 
make use of structures in the near-field of the target plane. This 
notion leads to nanoscale equivalents of structured illumina-
tion microscopies, wherein imaging and sensing information 
can be retrieved from measurements in which an object has 
been illuminated by a sequence of diverse illuminations.[3,30–32] 
One such approach is based on disordered media, where illu-
mination naturally creates optical bright spots, with positions 
dependent on incident wavefront.[33,34] Other approaches use 
periodic lattices, which permit the creation of hot-spots at posi-
tions linked to lattice sites.[35,36] Finally, the hot-spots of small 
systems of plasmonic particles may be controlled by incident 
polarization,[37] by wavelength and incidence angle,[38,39] or by 
illumination with pulses that are suitably shaped in time.[40] 
For imaging and sensing it would be highly desirable to have 

Control of optical fields at the nanoscale holds the promise of fast, efficient 
imaging methods, but is elusive due to the diffraction limit. This paper 
investigates how a single metasurface patch in the near field of a sample 
plane may be used to create a wide variety of intensity patterns by applying 
different illumination profiles from the far field. Numerical analysis shows 
that one metasurface patch may be used to generate complete bases of illu-
mination patterns on a grid as fine as λ/16. The limits of control are explored 
in terms of degrees of freedom on the illumination side and spatial resolu-
tion on the sample side. These illumination patterns are expected to enable 
sub-wavelength structured illumination microscopies, compressive imaging 
and sensing. Quantitative analysis of how the engineered fields may be used 
for detection of small scattering particles demonstrates the potential the 
approach holds for nanoscale optical sensing.

R. D. Buijs, Dr. T. A. W. Wolterink, Prof. E. Verhagen,  
Prof. A. F. Koenderink
Center for Nanophotonics
AMOLF
Science Park 104, Amsterdam 1098XG, The Netherlands
E-mail: F.Koenderink@amolf.nl
Prof. G. Gerini
Optics Department
Netherlands Organisation for Applied Scientific Research (TNO)
Stieltjesweg 1, Delft 2628CK, The Netherlands
Prof. G. Gerini
Department of Electrical Engineering
Technische Universiteit Eindhoven (TU/e)
Eindhoven 5600MB, The Netherlands

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202100435.

1. Introduction

Optical fields are shaped by the interference of incident, scat-
tered and re-emitted fields. Control of such optical fields, in 
particular of the distribution of field intensity in space, is key 
to both optical microscopy[1–4] and lithography.[5,6] At suffi-
ciently large scales, such control can be provided by far-field 
optics, for instance through the imaging of binary masks,[6] or 
its dynamic equivalent of active wavefront shaping.[7,8] At the 
nanoscale, diffraction precludes arbitrarily fine far-field control 
of field structure.[9–11] In industrial lithography, the state of the 
art in resolution is achieved either by accepting the diffraction 
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a solution able to provide hot-spots that can be controlled inde-
pendently over a large area, or at least able to provide near field 
illumination patterns that are sufficiently diverse and linearly 
independent to form a complete basis for imaging. No one of 
the solutions outlined above can provide independently con-
trollable hot-spots over a large area. For very small areas of 
interest, a few-particle system can provide a good level of con-
trol. The degree to which this fine control can be extended to 
larger areas by adding more modes to the system remains an 
open question.

In this work, we explore how supplying specific far-field 
illumination patterns to a metasurface patch can dynamically 
shape near-field energy distribution. We use numerical opti-
mization of wavefronts to optimize for desired near-field pat-
terns and show that this approach can generate complete bases 
of near-field patterns below a fixed array of dipolar resonant 
scatterers. We study the illumination wavefronts required to 
generate these patterns. We investigate the conditions under 
which fields can be generated reliably and discuss the scat-
tering physics underpinning the structure of the near-field 
patterns. Looking toward applications, we demonstrate that 
the engineered near-field distributions may be used to detect 
scattering particles.

2. Methods Section

Figure 1 presents a sketch of the optical nanostructure studied 
in this work: a 2D system of subdiffractively spaced scattering 
sites, referred to as metasurface patch. The question we wish 
to answer is: supposing one illuminates this metasurface patch 
from the far field through a high-NA microscope objective, with 
full control over the wavefront offered in the objective back 
focal plane, what field intensity distributions could one make 
in the target plane? As a first step to answering this question, a 
specific metasurface patch design was selected: a 4 × 4 square 
grid with pitch λ/4, situated λ/8 to the left of the target plane, 

illuminated from the left. The scattering elements were taken 
to be identical isotropic strong scatterers, resonant at the drive 
frequency, with a polarizability of |a| = 5.56 × 10−33 Cm2 V−1 and 
a quality factor of Q = 10, comparable with 100nm silver plas-
monic nanoparticles at optical frequencies. This was treated as 
an optimization problem, optimizing the illumination to create 
given near field patterns on the grid of positions in the target 
plane directly beyond the metasurface patch scatterers.

In order to calculate the near-field distribution that a given 
incident field will result in, the metasurface patch was modeled 
as a collection of discrete dipoles. The discrete dipole model 
was chosen to quickly work out the qualitative behavior of sets 
of interacting particles[41–44] and because it natively includes 
multiple scattering, self-action, and retardation.[45,46] For the 
metasurface patch, three orthogonal induced electric dipole 
moments described each of the 16 scatterers. The final ampli-
tude and phase distribution was found as the self-consistent 
sum of the incident field and the multiple scattering-induced 
fields of all dipoles. As the primary interest of this paper lies in 
the range of distinct patterns that can be created, rather than 
the precise parameters required, the environment of the parti-
cles was taken to be homogeneous in refractive index, instead 
of accounting for, for example, supporting substrates. This sce-
nario could be obtained experimentally using index matching 
oil. Alternatively, the approach could be extended to account 
for arbitrary series of interfaces by appropriately modifying the 
dipoles’ Green’s functions.[47]

The illumination is envisioned to be offered as a program-
mable paraxial, cylindrical beam, incident on the back focal 
plane of an objective. The objective transforms the incident 
beam into a shaped spherical wave converging onto the meta-
surface patch. This transformation can be mathematically 
described by the well known microscope objective transforma-
tion rules for aplanatic lenses, which relates incident beams 
of finite circular aperture (equivalent to NA ≤ 1) to object-side 
spherical waves upon evaluation of a diffraction integral.[48,49] 
The incident illumination was modeled as a paraxial beam with 
its waist at the aperture edge, expanded in the Laguerre–Gauss 
basis,[50,51] given by
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l  the generalized Laguerre poly-

nomials, and integer p and l with p ≥ 0. This basis consists 
of cylindrically symmetric amplitude patterns, with phase 
wrapping l times around the origin. Given this symmetry, the 
Laguerre–Gauss basis is a natural way to describe fields on a 
circular aperture. In order to determine the level of control 
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Figure 1. The problem setting explored in this work: an incident field is 
focussed onto a dipole array, where the scattered fields produce a specific 
intensity pattern just beyond the array. We aim to find incident fields that 
will produce arbitrary intensity patterns.
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over near fields that one could obtain with limited degrees of 
freedom in the incident beam, the basis was truncated to finite 
maximum p and l. Importantly, microscope objectives have a 
hard cut-off at finite beam radius r, which maps to the numer-
ical aperture of the objective and thus the edge of its back focal 
plane. While the pure Laguerre–Gauss basis is orthonormal, 
truncating it to a finite aperture removes the normalization, 
as well as orthogonality between basis elements with identical 
p. To restore orthonormality, a modified Laguerre–Gauss basis 
was used with indices p′ and l. Each 

,Ep i l′′  was constructed from 
the elements ,Ep lj

 with j  < i through the Gram–Schmidt pro-
cess,[52,53] resulting in an orthonormal basis ,Ep j l′′  for j < i.

For a given target near-field pattern optimal illuminations 
were determined through numerical optimization of the coef-
ficients for each (p′, l) basis element. For an orthonormalized 
Laguerre–Gauss basis truncated at maxp′  and lmax, with two polar-
ization degrees of freedom, there are 2 ( 1) (2 1)max maxN p l= + +′  
input parameters. These are denoted as the complex coefficients  

,cp l′ , with the full vector having Euclidean norm || || 1,cp l =′ , cor-
responding to unit power. In this work primarily the first 30 
modes were used, with p′ ≤ 2 and |l| ≤ 2, but also the effect of 
using more and fewer modes was explored. Through the dis-
cretized diffraction integral[48,49] the incident field driving the 
metasurface patch was found, which was input to the discrete 
dipole model in order to calculate the resulting near-field inten-
sity distribution in the target plane. The optimization proce-
dure had as purpose to find the complex coefficient ,cp l′  values  
that results in a target plane field distribution most similar to a 
set target distribution. The desired field patterns were defined 
as presenting spots in the target plane in the same grid as the 
scattering sites in the metasurface, as the near-field hot-spots 
of the scattering sites generally provide fine features to field 
structure through their localized field enhancement hot-spots. 
In this way, a 4 × 4 metasurface can address a 4 × 4 target  
pattern tt. Since the scatterer hot-spots at each target position are 
expected to be the only sharp features in the field distributions, 
these positions are expected to provide a representative picture 
of the overall field distribution. On the target points, binary 
target patterns tt were considered, where each individual posi-
tion is either required to be on or off. The match between the 
observed pattern ss at the selected positions and the target pattern 
tt was measured by a fitness function based on cosine similarity. 
Cosine similarity ss tt( , )S  is the most commonly used metric to 
compare high-dimensional patterns.[54,55] It measures the angle 
between two vectors:
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For vectors ss and tt with only positive entries, ss tt( , )S  lies 
between 0 (orthogonal) and 1 (perfect match). Cosine similarity 
only describes the shape of a pattern and is not sensitive to its 
intensity. An intensity criterion was separately included in the 
fitness function, to reward solutions where an appreciable frac-
tion of intensity ended up in the target pattern, rather than in 
side lobes. This led to the following fitness function:
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With threshold Θ = 0, this fitness function is a pure cosine 
similarity. The threshold introduces a penalty for solutions with 
less than a certain amount of energy per “on” position. Using a 
threshold rather than a continuous scale, rewarding more inten-
sity, means that the “energy landscape” that is being optimized 
over is not affected once the solver reaches sufficient inten-
sity in the solution, thereby retaining the desirable features 
of cosine similarity. To obtain a gauge for sensible threshold 
values, intensities can be expressed as a fraction of the max-
imum peak intensity Pmax attainable at the focus of a beam with 
unit power at NA = 1. Dipole field enhancement might lead to 
peak intensities greater than this reference value. For most of 
this work a threshold of Θ  = Pmax/100 was set, except where 
the effect of different threshold levels was explicitly explored. 
For the optimization itself, Powell’s conjugate direction method 
was used as implemented in NumPy,[56] starting from random 
starting amplitude and phase in each coefficient and normal-
izing the coefficients at subsequent iterations to maintain 
unit power. In order to save computation time, the fields in 
the target plane were tabulated for the various orthonormal-
ized Laguerre–Gauss elements and linear superposition was 
exploited to find fields for arbitrary coefficients. Optimization 
with 2maxp =′  and |l|max = 2 converged in seconds on a standard 
desktop computer. The best fitness results out of a few tens 
of runs were used in order to avoid suboptimal local minima. 
Per this procedure, illumination patterns that produced a local 
optimum in fitness were found, as measured by two criteria: 
first, by having the right intensity pattern and second, by having 
at least a minimum intensity per “on” position.

3. Complete Bases of Exposure Patterns

We first test our method by setting as target the addressing of 
individual points in the 4 × 4 grid, optimising intensity at a spe-
cific point and keeping the others dark. Figure 2a–c shows the 
obtained solutions for the three points that are unique under 
symmetry: corner (2a), edge (2b) and bulk (2c). In each case, 
field intensity in the target plane shows a distinct single peak 
at the desired position, proving (by symmetry) that the method 
can specifically address any position on the grid. By the fitness 
metric used in optimization, these solutions match 100% to 
the optimization target. Before exploring the structure of these 
solutions, we show that the method can also reproduce mul-
tiple-spot patterns: Figure 2d shows an optimized checkerboard 
pattern on the same grid, with the checkerboard clearly recog-
nizable. The ability to address specific sets of points is notable, 
considering that the λ/4 separation between the target points is 
appreciably smaller than the diffraction limit.

In order to understand how the method achieves these target 
plane field structures, we examine the induced dipole moments 
in the scatterers. In the same Figure  2a–d we show the mag-
nitude of the dipole moments in the metasurface under the 
illumination conditions producing this solution, as well as 
the magnitude of their z-components. Looking at the induced 
scatterer dipole moments for each solution, we observe that 
the spots generally correspond to strong z dipole moments. 
The spots may thus be regarded as the hot-spots of individual 
dipoles, which accounts for their observed sub-diffractive width 

Adv. Optical Mater. 2021, 2100435
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(≈λ/5). Most of the other dipoles have negligible dipole moment 
or are oriented in-plane, directing their largest field enhance-
ment out of the target plane. Some notable exceptions, like 
the corner sites on the checkerboard (Figure 2d), are oriented 
mostly in-plane. In these cases the target position lies on the 
flank of a comparatively broad feature with its field in-plane. 
For each solution we also show the incident wavefronts found 
to produce these solutions. The incident wavefronts are shown 
as calculated at the microscope objective back focal plane, spe-
cifically as the required flux density on the Abbe sphere plotted 
as a function of parallel momentum (kx, ky) of the spherical 
wave offered to the metasurface targets. We see that solutions 
are fairly smooth, with a few large bright spots. This is promi-
sing with an eye to experimental implementation, as it suggests 
that limited spatial resolution in creating wavefronts will not 
hamper performance.

By way of illustration, we explore the bulk spot solution in 
some more detail. Figure  2e shows how the incident field is 
built up from the different orthonormalized Laguerre–Gauss 

elements in two polarization channels. Incident field basis 
elements with l ≠ 0 are required to produce a solution that is 
not circularly symmetric. Balancing elements with opposite l 
produces l-fold symmetric patterns, which can be rotated by the 
relative phases for the elements. Following this far-field design 
strategy, as one might when tasked to solve the problem by 
hand, would result in a set of weights symmetric around l = 0. 
Though we can certainly recognize a semblance of the expected 
symmetry in the corner and bulk solutions, this symmetry is 
imperfect. Another symmetry that could have been analytically 
expected and is shown to a limited degree by the numerical 
solutions is that between the x and y polarization channels, 
which is also seen by the symmetry across the diagonal in the 
drive fields for Figures 2a and 2c. Such solutions, that respect 
the symmetries of the various problems, may form the global 
minimum in the fitness landscape of our optimization. How-
ever, it may also be that several distinct solutions solve the opti-
mization problem, possibly not all respecting the underlying 
symmetry. In any case it is an interesting observation that the 

Adv. Optical Mater. 2021, 2100435

Figure 2. Structure of optimal solutions. a) Solution for single spot at corner of 4 × 4 grid. Field map shows intensity, with white circles indicating target 
positions. Dipole moment magnitude and dipole moment z-component are plotted for each dipole in the array, both normalized to the strongest dipole 
moment magnitude in the array. Finally, the incident field pattern found by the optimizer to produce this result is shown. The incident field pattern is 
shown as energy flux on the Abbe sphere, plotted in wavevector space. b–d) Like (a), but for a target hot-spot at an edge position, a target hot-spot 
at a bulk position and a checkerboard target. Detailed structure of the bulk position solution in (c): e) Incident field pattern, with weights for each ele-
ment in the orthonormalized Laguerre–Gauss basis for x- and y-polarizations and the resulting field pattern amplitude and phase for both polarization 
channels. f) Intensity profile produced by the optimized incident field in the dipole plane, without scatterers present. Positions corresponding to target 
positions are circled. g) Like (f), but intensity profile in the target plane.
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demonstrated level of convergence is evidently sufficient to 
obtain effective solutions.

Finally, we plot the intensity distribution produced by the 
bulk spot solution in the target plane in the absence of the 
dipole array (Figure 2f) and the same in the dipole array plane 
(Figure 2g). Field intensity still peaks at the target position, but 
much less sharply than is the case in presence of the scatterer 
array, with appreciable intensity at both neighboring dipole 
positions and neighboring target positions. The single fine spot 
observed in the actual solution before must thus be the result 
of multiple scattering within the array. This balances enhancing 
the field at the target spot and simultaneously canceling out 
the drive field away from the target by destructive interference, 
resulting in a high-fitness solution.

Besides the single point basis, applications may benefit 
from the ability to generate other bases. Here we specifically 
think about compressive sensing techniques that may allow 
information retrieval with fewer measurements than a single-
pixel measurement basis would require. We attempt to create 
one example, the Hadamard basis. This basis is given by the 
rows of a Hadamard matrix Hn of size n × n, defined as a solu-
tion of H H nIn n

T
n= .[57–59] Hadamard matrices form the optimal 

basis in a number of compressed sensing applications and are 
commonly used for that reason.[60–62] For n a positive integer 
power of two, Hadamard matrices may be constructed block-
wise through[57]

H H
H H
H H
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k k
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Hadamard matrices have entries equal to 1 and −1. As we 
cannot produce negative intensity, we will use offset Hadamard 
matrices with low level zero. When we map each of the 16 pat-
terns in the basis H16 onto our 4 × 4 grid, we see that ten are 
unique by symmetry (for instance, H16(2) is equivalent to H16(5)). 
We use our optimization technique to attempt to reproduce these 
patterns, with a binary on/off mask as before. The resulting 
optimal field intensity distributions are seen in Figure  3a. We 
immediately recognize the target patterns in the solutions, illus-
trating the flexibility of illumination control on the metasurface 
patch in generating field distributions. In order to demonstrate 
yet more intricate fields, we can apply the same procedure to an 
8 × 8 metasurface patch and accordingly more target positions. 
With 64 distinct target spots, the 30 orthonormalized Laguerre–
Gauss modes used so far are insufficient to produce a complete 
basis, so we use 6maxp =′  and |l|max  = 6 for this optimization. 
Figure 3b shows the result for one of the more challenging target 
field distributions in the 8 × 8 patch. Again, the pattern is clearly 
recognizable. Using the power of reconfigurable illumination, 
our general-purpose, unoptimized metasurface is seen to be suit-
able for the generation of near field patterns that enumerate intri-
cate, complete bases. It exploits the coupling between different 
elements and the interference between drive and scattered fields.

Adv. Optical Mater. 2021, 2100435

Figure 3. Complex patterns reproduced by tailored illumination of a dipole array. a) The complete Hadamard basis reproduced on a 4 × 4 grid, with 
only those patterns unique under symmetry shown. Besides normalized field intensity maps, insets show the target pattern and labels indicate the 
pattern index. All intensity maps are normalized to their maximum value and shown at the same scale; target positions are circled. b) One element of 
the Hadamard basis on an 8 × 8 grid, specifically number 46. Shown as in (a), using the same scale.
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4. Resolution and Efficiency Limits

Looking toward nano-optical field control and sensing, it is 
interesting to see how far below the diffraction limit we can 
push the optimization method. The metasurface patches con-
sidered so far were all taken to have a subdiffractive pitch of 
λ/4. We repeat the Hadamard pattern optimization procedure 
for pitches from λ/2, close to the diffraction limit, through 
λ/32, more than an order of magnitude below it. In order to 
do so, we scale the entire system down proportionally, so that 
array-target distance is always one-half of the array pitch. As 
shown in Figure 4a, obtained fitness is excellent for all patterns 
at large pitch, with a general trend of fitness decreasing with 
smaller pitch. When interpreting values of the fitness func-
tion, it should be noted that only very high values are sure to 
faithfully reproduce the pattern, because, for instance, for an 
all-on target, a solution where one position has no intensity at 
all may still have 97% fitness. To get a better understanding 
of which solutions worked, we use a digital criterion: a solu-
tion is successful if all ‘on’ spots are over 2/3 of the maximum 
intensity and simultaneously all ‘off’ spots are under 1/3 of 
the maximum intensity. This criterion is useful for character-
izing solutions returned by the optimization, even though it is 
not suitable as a direct optimization metric itself because its 
landscape is not smooth.[63] Solutions for which the criterion 
is not met are marked with a black dot in Figure  4a. We see 
that solutions with fitness over 98% are generally successful. 
With this criterion, we see that all solutions successfully repro-
duce their target patterns down to pitch λ/16. Notably, the loss 
in performance is much stronger for some target patterns than 
for others. This is mostly explained by considering the spatial 
frequencies present in the various patterns, one extreme case 
being the uniform all-on pattern H16(1). This pattern barely 

loses performance from the largest to the smallest pitch and 
at any scale would be solved by an “electrostatic” approach. 
In this case, the target pattern has an intrinsic symmetry that 
can be exploited directly, rather than requiring a tuning of the 
retarded multiple scattering interactions between metasurface 
elements. The checkerboard H16(6) on the contrary is a tricky 
problem, as evidenced by it achieving the lowest fitness at pitch 
λ/8 and failing at λ/32. The solutions for pitch λ/8 and λ/16, 
in the lower insets, show that at smaller pitch, the hot-spots in 
fact become more distinct, due to the smaller distance between 
the dipoles and the target plane. Nonetheless, fitness worsens 
slightly. The reason for this is that although the features around 
the “on” dipoles become sharper at small distance, parasitic 
features appear at the “off” dipoles as well. This effect is more 
pronounced in the right-hand insets, which show the solutions 
for H16(3), an easier, lower-frequency target, at pitch λ/16 and 
λ/32. Here we see the same trend: at extremely short distances, 
even out-of-plane dipole moments lead to appreciable intensity 
in the target plane. We thus see that although eventually low 
contrast in the drive field limits our ability to address sites inde-
pendently, multiple scattering within the array can take us a full 
order of magnitude beyond the diffraction limit.

The incident field basis used in optimization is truncated to 
a limited number of elements. Intuitively it stands to reason 
that each additional basis element adds a degree of control over 
the drive field features. It is interesting to see how this con-
trol over incident field features translates to control over target 
plane features. We test this relation by varying the number 
of modes in our optimization routine and comparing perfor-
mance, using 12 (( , ) (1,1)max maxp l =′ ), 18 (( , ) (2,1)max maxp l =′ ), 30 
(( , ) (2,2)max maxp l =′ ) and 182 (( , ) (6,6)max maxp l =′ ) modes. With 
16 individual target sites, assuming linearity, we would expect 
to need at least that many basis elements to reproduce any 

Adv. Optical Mater. 2021, 2100435

Figure 4. Limits to optimization. a) Fitness of solutions for H16 elements at different scales. Field maps show specific solutions for Hadamard ele-
ments 6 (below) and 3 (right). All scale bars have length λ/16 and intensity maps are shown as in Figure 3. b) Number of H16 Hadamard elements 
successfully reproduced with different numbers of far-field modes. Solid lines show results with dipole array, dashed lines without. c) Number of H16 
Hadamard elements successfully reproduced with different intensity thresholds.
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complete basis. Figure 4b (solid lines) shows how the number 
of available modes affects performance, counting the success-
fully reproduced patterns (out of 16) versus array pitch. As 
observed previously, with 30 modes, we successfully reproduce 
all elements for pitch as small as λ/16. Optimization with 12 
modes is insufficient to produce all 16 elements at any pitch, 
as expected, but already 18 is sufficient at large pitch. At 30 
modes nearly all solutions are already successful. Adding more 
modes beyond this point makes relatively little difference: 
a sixfold increase in the number of modes, from 30 to 182, 
adds only a single successful solution, at pitch λ/32. That our 
problem is not linear—we optimize for intensity—appears to 
have only limited effect on the number of required basis func-
tions, with close to the bare minimum of modes required in a 
linear system already providing nearly full control. Why 18 is 
not enough may be related to the intensity criterion used, or to 
large overlap between the drive fields corresponding to some of 
the elements after focussing. The minor improvement in per-
formance offered by additional modes at very small pitch seems 
to confirm our earlier interpretation: performance there is lim-
ited by low contrast between different dipole and target posi-
tions in the drive fields.

The relative importance of drive field structure and dipole–
dipole interaction may be disentangled by considering the same 
problem without the dipole array, and instead using wave-
front shaping to directly create intensity patterns in the target 
plane. Results of this process are shown by dashed lines in 
Figure 4b. At large pitch, performance without the dipole array 
is remarkably similar to that with the dipole array, with full 
control achieved from 18 modes onward. However, only with 
the largest number of modes can all targets still be solved at 
pitch λ/4. Toward smaller pitch, the loss of control is drastic, 
with only the simplest patterns reproduced successfully. This 
shows that at fine resolutions, multiple scattering of the drive 
field by the dipole array is the mechanism that allows the full 
complexity of target patterns to be reached.

It is well known that arbitrarily fine sub-diffractive features 
in optical fields can be engineered by exploiting super-oscilla-
tion. Such control comes at the expense of intensity, with para-
sitic features typically over five orders of magnitude stronger 
than the desired sub-diffractive feature.[26–29] Though funda-
mentally different, we can compare the field strengths obtained 
in our method with such results. Dipole hot-spots can provide 
large field enhancement, but we may not be able to exploit 
this fully due to a combination of two aspects. The first reason 
is the finite distance between the dipole scatterers and target 
plane, when accounting for realistically sized optical antennas. 
Furthermore, interactions between dipoles spaced closely 
together limit the polarizability that one can pack in a single 
optical antenna. Our fitness criterion contains a threshold Θ: 
the minimum required peak intensity at the target positions 
relative to incident field maximum peak intensity. We can vary 
this threshold to see how easily we can realize solutions at the 
given intensity. Figure  4c shows the results of this analysis, 
ranging from no intensity criterion at all to a required signifi-
cant field enhancement. Without the intensity criterion, the 
full Hadamard basis is reproduced successfully, even at pitch 
λ/32. At Θ = Pmax/100, all but the highest-resolution targets still 
work. Beyond this, performance falls off quickly. Interestingly,  

the best results at any given intensity criterion are found at 
a pitch of λ/8. This may represent a balance between small 
dipole-sample distance, which increases intensity, and antenna 
resonance hybridization effects that would lead to a detuning 
of the system from the assumed optical drive frequency, which 
would thereby tend to reduce intensity enhancement. Overall, 
we see that Θ = Pmax/100 leads to good solutions. Though not 
exploiting dipole field enhancement in the way a single scan-
ning dipole can, we see that our method is able to retain an 
appreciable fraction of incident intensity in the target plane, 
unlike the other extreme of superoscillation. In summary, our 
method enables:

• programming a complete basis of intensity patterns in a 
target plane below a metasurface. To our knowledge, a sim-
ilar functionality has only been demonstrated before using 
optical light and spatial light modulators up to the THz 
domain, to create programmable THz near-field masks for 
compressive sensing.[64,65] We are not aware of methods 
that provide complete near-field bases in the optical domain 
without using raster scanning probes, although all-optical 
control of hot spot geometries has been demonstrated using 
femtosecond pulse shaping.[40]

It does so

• on subdiffractive grids scalable down to λ/16 in pitch. This 
is competitive with resolutions obtained using standard 
glass-fiber NSOM at visible wavelengths,[66] although AFM-
based scattering-type NSOM can reach resolutions down to 
10 nm.[15]

• while maintaining high intensity in each spot, up to 1/10 
of the maximum intensity of the incident beam. This 
throughput is four orders of magnitude larger compared 
to superoscillatory lenses at similar resolutions and three 
orders of magnitude above the throughput of NSOM with 
metalized fiber tips.[26–29]

• with a spot size set by the dipole hot-spots, of width λ/5 at 
distance λ/8. This spot size is competitive with that obtained 
in standard glass-fiber NSOM, though AFM based scattering 
NSOM can reach spot sizes that are a factor 10 smaller.[66]

Finally, we note that for the specific task of imaging fluores-
cent samples a resolution of 5 nm can be attained using fluo-
rescence-based superresolution techniques.[17–19]

5. Nano-Structures for Sensing and Locating 
Small Scatterers
While freely programmable near-field patterns with deep sub-
wavelength resolution should in principle be of large use for 
microscopy, it is not immediately obvious how to utilize them 
to obtain images. We envision that the easiest usage sce-
nario would be in fluorescent imaging. There, one could use 
a bucket detector with no spatial resolution for detected fluo-
rescence, yet still obtain spatial information by cycling through 
a full basis of near field pump intensity patterns. This notion 
is similar to structured illumination microscopy,[3,32] which 
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uses programmable though not spatially resolvable fluores-
cence excitation patterns. Key in this application scenario is 
that fluororphores are mutually incoherent local reporters of 
pump field intensity that are not themselves a partner in the 
multiple scattering process at the pump wavelength. Much 
more challenging would be image formation where the meta-
surface patch would serve as a near-to-far-field transducer to 
sense passive, i.e., scattering objects in the target plane.[67] To 
establish to what degree our optimized fields are suitable for 
sensing purposes, we calculate the effect of introducing a scat-
tering particle into the target plane beyond the metasurface 
patch on the overall far-field scattered signals. We consider 
a weakly scattering, off-resonant perturber, with a polariz-
ability of |a|  = 5.56 × 10−35 Cm2 V−1. This value corresponds 
to a small dielectric particle, best described in the single-scat-
tering regime. For any incident field, we can calculate (or, in 
experiment, measure) the radiation pattern kk( )AΦ  of the array, 
without the perturber, as flux per solid angle. The sensing 
signal we use is the total change in this radiation pattern as the 
perturber is introduced (resulting in a radiation pattern kk( )A,PΦ ,  
Figure 5a), relative to the total flux kk( )PΦ  scattered by the per-
turber when illuminated by a focussed beam of unit power, 
without the array:

kk kk kk kk kk( ) ( ) / ( )
BFP

A,P A

BFP

PS d d∫ ∫[ ]= Φ − Φ Φ
 

(5)

Without the array, this dimensionless quantity would be 
limited to a maximum value of 1. Higher values should thus 
be taken to mean an improvement in sensing performance 
over straightforward free-space scatterometry. The dipole array 
has a scattering cross-section some four orders of magnitude 
larger than the perturber, which sets an upper bound on S. 
We calculate sensing signal S as a function of perturber posi-
tion with some of the optimal drive fields found previously. 
Figures 5b–5e show signal S versus perturber position for the 
target patterns corresponding to those in the insets. The scat-
tered signal maps have peaks directly matching those in their 
target patterns, with the same sub-diffractive length scales. This 
means that a single measurement will reveal the presence or 

absence of the scatterer at its target sites, compatible both with 
simple searches and compressive sensing strategies.[61] More-
over, normalized signal level peaks at S  > 100, meaning that 
the dipole array strongly enhances the signal compared with 
free-space measurement. We note that with no moving parts 
in the system, switching between different incident patterns 
can be done at video rates and faster, so that the technique 
could enable both efficient, rapid sensing, or sensing of objects 
moving in time. For instance, one can envision using metasur-
face patches with incident field control for sensing and tracking 
of freely diffusing analytes in solution.[68]

6. Discussion

We have explored how reconfiguration of far-field wavefronts 
may be used to control near-field intensity profiles mediated 
by a metasurface patch. With a small, rectangular metasurface 
grid, our numerical optimization technique produces intensi-
ties under the metasurface elements that faithfully reproduce 
the target patterns. For both simple and complex bases, the 
technique is able to reproduce all basis elements faithfully at 
resolutions as small as λ/16. Studying the dipole moments in 
the array shows that the optimization finds solutions that use 
the array dipole hot-spots to create the target patterns. We have 
investigated the structure of the required wavefronts and found 
they are fairly smooth, which makes experimental realization 
feasible. Tweaking the optimization conditions has allowed us 
to quantify the limits to this form of near-field control. With the 
30 (orthonormalized) Laguerre–Gauss modes up to p′ = 2 and 
l = 2, Hadamard patterns were reproduced faithfully for pitch 
as small as λ/16. An order of magnitude more modes proved 
insufficient to reproduce the complete basis at pitch λ/32. 
Looking into the intensity of the hot-spots in the target patterns, 
we have found good solutions for intensities up to one order of 
magnitude below the maximum spot intensity of the incident 
beam. Finally, we have shown that the engineered fields can 
be used for programmable, position-selective particle sensing, 
with the metasurface patch providing significant enhancement 
in signal level compared to direct illumination.

Adv. Optical Mater. 2021, 2100435

Figure 5. Sensing with the engineered fields. a) The sensing method considered: an optimized wavefront is supplied to the perturbed dipole array. We 
detect changes in its scattering pattern. b–e) Change in scattering signal versus position of a perturber, for different engineered incident fields. Insets 
show the pattern used.
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All the results presented here are based on very simple meta-
surface patch designs: a square grid of either 4 × 4 or 8 × 8 iden-
tical and isotropic antennas right above the points of interest. 
The generated solutions that we find tend to have “on” scat-
terers with large dipole moments along z, placing its plas-
monic hot-spot in the target plane. This observation suggests 
that engineering of the metasurface patch, in terms of spatial 
arrangement and the per-building block polarizability tensor, 
should provide further control of near field programmability. 
For instance, one can envision engineering the scatterers to 
have hot-spots in certain locations by manipulating their elec-
tric and magnetic dipole and multipole response.[69] Another 
approach is to tailor the response of the scatterers to respond 
preferentially to certain polarizations or wavelengths, allowing 
different scatterers to contribute to different patterns.[37,39] 
What sort of metasurface design is optimal for field control on 
a given set of target positions is an interesting question. For 
instance, it is unclear whether generally the scattering sites 
should be located directly over the points of interest, to maxi-
mally exploit their near-field enhancement, or at intermediate 
positions, to exploit collective behavior like the Talbot effect[70] 
or other designed array features.[71] Another open question is 
how a finite patch from a periodic array, as used here, compares 
to layouts where every point has a distinct scattering environ-
ment, like in a plasmonic quasicrystal.[72,73] The fact that even 
the simple metasurface patch design considered in our work 
already shows a fine level of control over near-field intensity 
distributions indicates that the combination of metasurface 
patches and programmable illumination will form a powerful 
new method for nano-optical sensing.
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