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ABSTRACT 

Achieving complete optical extinction by small structures is key for applications such as photodetection and light harvesting, 
and constitutes a promising solution to the problem of efficient in-and-out coupling of light in nanophotonic devices. In this 
paper, we provide an innovative solution to this challenge by experimentally demonstrating optimal extinction by individual 
and arrayed scatterers separated from a planar reflecting surface, by shaping the wavefront of the input light. We fabricate and 
characterize planar particle arrays of sizes ranging from extended lattices to individual nanoparticles, separated from a planar, 
partially absorbing surface by a controlled distance. By optimizing the incident wavefront of a tightly focused light beam and the 
particle–surface separation, we achieve optimal coupling to a single nanoparticle-on-mirror structure. Comparison with theory 
shows that the optimum incident wavefronts correspond to the time-reversed emission profiles from the nanoscatterer in the 
presence of the planar reflector. Using these optimal illumination conditions, we demonstrate 70% extinction of a tightly focused 
beam by a single plasmonic nanoparticle, and up to 90% extinction in sub-wavelength 2 × 2 clusters of nanoparticles on a reflector. 
These results constitute a solid step toward a practical solution to the in-and-out light coupling problem in nanophotonics. 
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 Introduction 

ptical extinction describes the fraction of energy that is removed
rom a light beam due to scattering and absorption by atoms,
olecules, or material structures, and provides a quantitative
etric for the strength of different light–matter coupling mech-
nisms. Extinction includes elastic scattering, which consists of
he redirection of incident light caused by an obstacle, as well as
bsorption by a material. Strong optical extinction is desirable in
pplications such as high-efficiency solar cells [ 1 ], optical sensors
 2 ], modulators [ 3 ], and anti-reflection structures [ 4 ]. This has
aised an important question within the photonics community:
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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how complete optical extinction can be achieved in designer
materials. A hallmark example of complete optical extinction
comes in the form of absorption by Salisbury screens [ 5, 6 ], in
which a thin layer of resistive material is placed at a quarter
wavelength from a back reflector. The essential physics of these
Salisbury attenuators relies on in-phase superposition of incident
and reflected light, which is therefore completely absorbed by
the resistive sheet. Sparked by recent progress in the field of
nanotechnology, Salisbury screens have been complemented by
designer sub-wavelength spatially varying patterns to achieve
perfect absorption in spectral regimes ranging from microwaves
[ 7, 8 ] to near-infrared [ 9–12 ] and optical frequencies [ 13–15 ]. Such
se, which permits use, distribution and reproduction in any medium, provided the 
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erfectly absorbing systems have also been connected to the
otion of coherent perfect absorption [ 16, 17 ], leveraging light
nterference through coherent illumination by multiple waves. 

n all the examples discussed thus far, extended thin films or
patially patterned surfaces are used as the extinction medium.
 question that has intrigued the optics community for decades
s how much extinction can be achieved from a finite collection
f small particles or even single isolated nanoparticles. A crucial
istinction is that, for infinitely extended surfaces illuminated by
 plane wave under a fixed angle of incidence, there is just a single
nput and output channel (the input plane wave and its specular
eflection), so that perfect absorption can be easily achieved
y arranging for perfect destructive interference of scattering
ith the direct reflection in the single output port. For finite
bjects, extinction is also defined as the destructive interference
f scattered light and the incident field. However, finite scattering
bjects scatter light into all wave-vector components (i.e., into
any more channels than just the direct reflection of the incident
lane wave). Consider the scenario of a single lossless and
esonant nanoscatterer with dimensions much smaller than the
ight wavelength 𝜆 that is illuminated by an infinitely extended
lane wave. Under these conditions, the nanoparticle can be
escribed within the dipole approximation, and attenuation is
uantified by the notion of extinction cross section 𝐶ext . It can
e shown [ 18 ] that the maximum achievable extinction cross
ection is given by 

𝐶ext =
3 

2 𝜋
𝜆2 . (1)

ue to the lossless nature of the nanoparticle, extinction is fully
aused by scattering losses. For lossy nanoparticles, the maximum
bsorption cross section occurs under the so-called critical
oupling conditions [ 18–20 ], in which scattering and absorp-
ion losses are made equal. Beyond the dipole approximation,
uperscattering nano-objects have been proposed that can surpass
he limit of Equation ( 1 ) by exploiting overlapping multipole
esonances in subwavelength nanostructures [ 21 ]. 

nstead of plane-wave illumination, the coupling of incident
ight and a nanoparticle can be enhanced by tightly focusing
he incident light to a diffraction-limited spot size. In this
cenario, extinction is defined by the dimensionless fraction of
ower removed from the incident focus. Comparing the result of
quation ( 1 ) with the typical cross section of a tightly focused
eam, which is of the order of ( 𝜆∕2)2 , one concludes that a
ingle nanoparticle can, in principle, attenuate a large fraction
f a focused beam. Indeed, numerical work has shown that a
ingle oscillating dipole positioned in a homogeneous medium
an cause up to 100% extinction of a focused light beam [ 22 ].
n the experimental side, studies have reported high extinction
ontrasts by dipolar transitions in single quantum emitters [ 23–
5 ]. In parallel, several studies on the interactions of focused
ight fields with two-level systems [ 22, 26–28 ] have argued that
recise wavefront and polarization structuring of the incident
ocus is required to achieve an optimum coupling between
xcitation and scatterer, which would lead to a larger extinction.
or instance, by illuminating a dipolar particle with a strongly
ocused directional dipole wave, the particle can theoretically
ause perfect extinction of the incident focused light beam [ 22,
of 12
28 ]. This can be explained from the viewpoint of time reversal
symmetry: a nanoparticle emitting light into a dipolar far-field
pattern would be most efficiently excited by a time-reversed
field that matches this dipolar pattern, and experiments have
been proposed [ 27 ] that offer two-sided dipolar illumination
schemes that cover the full 4 𝜋 solid angle. By virtue of the
optical theorem, which traditionally states that extinction of an
object can be determined solely from its scattering in the forward
direction, the argument can also be recast in the language of
destructive interference: by maximizing the similarity between
the radiation pattern and the wavefront of the direct beam, one
maximizes destructive interference and hence extinction. More
recently, theoretical works [ 28, 29 ] have shown that positioning
a single nanoparticle at an optimum distance from a reflective
substrate can cause perfect extinction of a focused light beam,
assuming optimal structuring of the incident field over 2 𝜋
incident angles. The mirror limits the scattered wave to 2 𝜋 instead
of 4 𝜋 steradians, easing the challenge of optimally structuring the
incident field. In a way, these studies provide a single-particle
analogue to Salisbury screens, in which a single nanoscatterer
replaces the thin resistive layer. The crucial distinction here is
the number of available ports: in the extended Salisbury screen,
the incident field can only be directly reflected or transmitted in
the zero-order channel, whereas a single nanoparticle is allowed
to scatter light into a continuous angular spectrum. Note that
this distinction can be extended to the interference argument
as well: While Salisbury screens are designed to cause complete
destructive interference between the direct specular reflection
caused by the back mirror (which is the outgoing part of the
incident wave) and the specular reflection of the resistive sheet,
the radiation pattern of the single nanoparticle-on-mirror system
causes complete destructive interference with its time-reversed
incident focus reflected by the back mirror. However, to the best of
our knowledge, no experimental studies have been reported that
investigate optimal extinction scenarios in single-particle-based
Salisbury-screen platforms, nor examine how mode matching of
the external illumination influences total extinction. 

In this work, we study extinction in Salisbury-screen attenua-
tors down to the single nanoparticle level and experimentally
demonstrate that wavefront engineering of an incident focused
beam leads to optimum extinction scenarios. The concept is
schematically depicted in Figure 1a . A dipolar nanoparticle
situated above a back reflector is excited by an externally applied,
tightly focused incident field 𝐄in and emits a scattered field
𝐄scat into the far field, of which the scattered phase is shown
in a polar plot. When the incident field is shaped such that it
is phase conjugated (which is the monochromatic equivalent
of time-reversal) with respect to the scattered field (i.e., 𝐄in =
𝐄∗ 
scat ), complete destructive interference can happen between

the back-reflected incident field from the back reflector 𝐄r and
the scattered field of the nanoparticle 𝐄scat , which leads to an
optimum extinction condition. As a starting point, we revisit the
well-known perfect absorption phenomenon in extended particle
arrays near Salisbury screens, after which we study how finite-
size effects affect optimal extinction conditions when gradually
reducing the array size all the way down to a single scattering
nanoparticle. To this end, we have developed a high-numerical-
aperture (NA) wavefront shaping protocol that allows us to
precisely engineer wave vector components of a tightly focused
beam and demonstrate that time reversal of the radiation patterns
Laser & Photonics Reviews, 2026
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FIGURE 1 Experimental concept and sample architecture. (a) An externally applied, tightly focused incident field 𝐄in excites a dipolar 
nanoparticle-on-mirror system, after which the particle emits a scattered field 𝐄scat into the far-field. When the incident field is shaped such that it 
corresponds to the phase-conjugated (time-reversed) scattered field ( 𝐄in = 𝐄∗ scat ), complete destructive interference between the backreflected field 𝐄r 
and the scattered field 𝐄scat can happen, leading to an optimum extinction scenario. (b) We fabricate plasmonic nanoparticle arrays separated from a 
back reflector by a dielectric spacer layer of variable thickness. The sizes of the arrays are varied from extended lattices to finite-size patches, and single 
nanoscatterers. 
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f single nanoscatterers leads to optimum extinction conditions.
sing this strategy, we demonstrate up to 70% extinction of
ocused light in single plasmonic nanoparticles, and 90% in
ub-wavelength clusters of 2 × 2 particles on a reflector. 

 Finite Size Effects 

igure 1b depicts the sample architecture used in our experi-
ents. We fabricate plasmonic arrays of different sizes consisting
f gold nanorods, ranging from effectively infinite arrays to
inite-size patches containing a few nanoparticles and down to
ingle nanoparticles. Specific nanofabrication procedures and
arameters are discussed in the Methods section. In all designs,
he length, width, and height of the nanorods are 100, 50, and
0 nm, respectively, and the arrays have a period of 200 nm.
hese values are in line with a recent literature study [ 15 ] and
re chosen such that the dipolar resonances of the system are
ithin the detection range of our experimental setup. Multiple
opies of these arrays are patterned on a substrate, after which
e deposit a dielectric SiO2 spacer layer with a variable thickness
anging from roughly 200 to 640 nm in steps of 10 nm. The spacer
ayer is finally covered by a back reflector, yielding a nanoparticle-
ased Salisbury-screen platform. We also fabricate reflectors in
he same plane as the nanoparticles, which allows us to accurately
etermine the variable spacer height by measuring the Fabry–
érot etalon resonances in the resulting mirror–spacer–mirror
egions that are immediately adjacent to the arrays and particles
nder test (see Supporting Information for details). Figure 2a–
 shows scanning electron microscopy (SEM) images of typical
rrays with varying sizes, which are taken before deposition of
he dielectric graded layer and mirror. 

o probe the extinction properties of these particle array patches,
e acquire reflection spectra as a function of spacer height
hile gradually reducing the array size to, ultimately, a single
anoscatterer. Since the reflectivity of a 50 nm bare gold film
s approximately 0.95, the back mirror eliminates almost all
ransmission channels in the sample. We thereby determine
article extinction by computing 1 minus particle reflection. We
emind the reader that the transition from extended particle
rrays to finite arrays or a single particle is accompanied by an
ncrease in the number of available scattering channels under
aser & Photonics Reviews, 2026
plane-wave illumination at a fixed incidence angle. Specifically,
an extended array couples only to the specular reflection channel,
whereas finite arrays and single particles scatter into a contin-
uous high-NA angular spectrum. This difference in available
scattering channels imposes different wave vector conditions on
the illumination to reach optimal extinction in the respective
structure under test. Therefore, our strategy to move from array
measurements toward single-particle extinction measurements is
as follows. We start by measuring reflection spectra of very large
100 ×100 𝜇m2 arrays using near-normal illumination, revisiting
literature results [ 15 ]. On this effectively infinite array, we then
gradually switch the illumination conditions from near-normal
incidence to high-NA tight focusing, which is required for single-
nanoparticle optimal extinction studies, and investigate how the
measured extinction depends on the NA of the incident focus. The
high-NA focused illumination conditions are then used to probe
finite array size effects. In all measurements, the polarization
state of the incident beam is aligned parallel to the long axis of the
nanorods. Details on the experimental setup and data acquisition
parameters can be found in the Supporting Information. 

We first turn our attention to reflectivity spectra acquired on
the 100 ×100 μm2 array with a pitch of 200 nm, as shown in
Figure 2e . These arrays are illuminated by a low effective NA
of 0.1, softly focused onto the center of the array. Every vertical
slice in this image corresponds to a reflection spectrum acquired
on a different array realization, separated by a different spacer
thickness from the back reflector. It has been shown in an earlier
work [ 15 ] that such metasurface etalons result in pairs of singular
points of zero reflection/perfect absorption in the 2D parameter
space spanned by the spacer height and the light wavelength,
which are associated with topological phase singularities. These
perfect absorption conditions originate from a hybridization of
array plasmon resonances and Fabry—Pérot etalon resonances.
From the spectra of Figure 2e , we clearly observe such a singular
pair of (nearly) null reflection points between spacer heights of
300 and 500 nm, approaching bright lines of near unity reflection
corresponding to the etalon resonance conditions. These singular
pairs are repeated indefinitely (assuming infinitely extended
arrays illuminated at normal incidence) for higher spacer heights
that lie outside the range of our fabricated sample. The small but
finite wave vector spread that is associated with the incident NA
results in a small residual reflection at the singular points. 
3 of 12
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FIGURE 2 Optimal extinction in finite-size particle arrays on Salisbury screens. SEM images of arrays fabricated on a variable spacer height with 
an array size of (a) 100 ×100 μm2 ; (b) 5 ×5 particles; (c) 2 ×2 particles and (d) a single particle. Scale bars correspond to 1 μm in panels (a) and (b), and 500 
nm in (c) and (d). Panels (e)–(h) show experimentally measured reflection spectra as a function of spacer height for the arrays in (a)–(d), respectively. 
The spectra of panel (e) are acquired using a low NA = 0.1 softly focused illumination, while the spectra of panels (f)–(h) are obtained using an NA = 0.95 
tightly focused beam, both focused onto the center of the arrays. (i) Reflection spectra captured on a 100 ×100 μm2 array separated by 427 nm from the 
back reflector, for different numerical apertures (NAs) in the 0.1–0.95 range. (j) Reflection spectrum of a single nanoparticle separated from the back 
reflector by 389 nm, which corresponds to the sliced spectrum of panel (h) as indicated by the dashed line. 
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o visualize the effect of incident NA on the extinction properties
f such a 100 ×100 𝜇m2 metasurface etalon around the normal-
ncidence perfect absorption condition, we acquire reflection
pectra at a constant spacer height of 427 nm while gradually
ncreasing the NA of the incident focus from 0.1 to 0.95, which
s the maximum NA of our microscope objective. We control the
ncident NA by placing an iris in the conjugate back-focal-plane
Supporting Information), where different iris aperture sizes
orrespond to different NA values. A gradual increase in residual
eflection is observed when increasing the NA, highlighting the
pecificity of the singular points to incident wave vectors. Using
he high-NA focused illumination, we then progress to finite
rray patches, again acquiring reflection spectra on a range of
ifferent realizations of arrays with sizes of just 5 ×5 particles,
 ×2 particles, and a single particle as a function of spacer height,
nd show the results in Figure 2f–h . We observe that, as the
rray decreases in size, the pair of singular points gradually
anishes into a single broad feature corresponding to the plasmon
esonance of the single particle. This highlights the importance
f extended lattices in the creation of topological singular points
n the 2D parameter space. The minimum reflection value slowly
ncreases as well for smaller array sizes. Nevertheless, a single
of 12
plasmonic nanoparticle situated at the optimal height from the
back reflector still causes a substantial extinction of almost
60%, as highlighted by the single particle reflection spectrum in
Figure 2j . This specific reflection spectrum is a vertical slice of
Figure 2h that corresponds to optimum (maximum) extinction,
and, importantly, this extinction value is achieved without a
particular tailoring of the incident wavefront to the radiation
pattern of a dipole. The only shaping of the incident wave that
evidently matters is to place the antenna in a field maximum of
the standing wave formed by the incident focus and its reflection
off the back reflector. 

3 Wavefront Optimization Protocol 

In this section, we describe how the extinction by single
nanoparticles can be further optimized by tailoring the inci-
dent wavefronts. For this, we band-pass filter the illumination
wavelength at 760 nm with a bandwidth of 10 nm, such that
the excitation spectrally overlaps with the maximum extinction
value as measured in Figure 2h . We set the polarization state
of the incident beam to be y -polarized and align the long axis
Laser & Photonics Reviews, 2026
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polynomials that are linearly superimposed and projected by a spatial light modulator. The procedure to optimize coefficients to obtain optimum 

extinction is described in the main text. (b) The phase patterns are relay imaged onto the back-focal-plane of the microscope objective, which focuses the 
incident wavefronts onto single nanoparticles. An additional phase-ramp pattern applied on the SLM shifts the focus either on or off a single nanoparticle. 
The back-reflected point-spread function is captured on a CMOS detector, with typical point-spread functions both on and off the single nanoparticle 
shown in panels (c) and (d), respectively. From these point-spread functions, a single particle reflection value can be determined, and plotted versus 
weighting coefficient 𝛼𝑛 of the relevant Zernike polynomial. In panel (e), exemplary data for 𝛼5 are shown, where the black dots denote measured data 
and the red line a Gaussian fit. (f) Minimum reflection values as a function of all iterations in the optimization. (g) Resulting wavefront after applying 
the optimization procedure. All data shown in this figure are measured on a single nanoparticle separated from the mirror by 389 nm. 
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f the nanorods to be parallel to this direction in order to
xcite the longitudinal plasmon resonance. The transverse dipole
ode in the nanorod, whose resonance wavelength lies outside
he detection window of our setup, emits an equivalent far-
ield emission pattern to the longitudinal mode up to a 90 ◦
otation. We therefore expect the optimum wavefront for the
wo polarization channels to be identical. The experimental
avefront optimization workflow is depicted in Figure 3 for a
ingle nanorod positioned at the optimum spacer height from
he mirror (389 nm), which is defined as the height at which
aximum extinction in reflectivity is obtained with an unshaped
ightly focused beam. The optimization algorithm is based on an
terative protocol commonly used within the wavefront shaping
ommunity [ 30 ], and allows for a more intuitive interpretation
f optimization results than more sophisticated strategies such as
aser & Photonics Reviews, 2026
the steepest-gradient descent method, although the latter might
be an option for future implementations. Here, we rely on a set
of Zernike polynomials [ 31 ] as depicted in Figure 3a , which are
widely used in the optics community (e.g., in phase retrieval
experiments [ 32 ] and in the characterization of aberrations in
imaging systems [ 33 ]). Zernike polynomials 𝑍𝑛 ( 𝑘𝑥 , 𝑘𝑦 ) form a
complete and orthogonal set of functions on the unit disk, which
allows any wavefront 𝜑( 𝑘𝑥 , 𝑘𝑦 ) to be decomposed as a linear
combination of those polynomials 

𝜑( 𝑘𝑥 , 𝑘𝑦 ) =
∑

𝑛 

𝛼𝑛 𝑍𝑛 ( 𝑘𝑥 , 𝑘𝑦 ) , (2)

where 𝛼𝑛 are the corresponding expansion coefficients. Finding
the optimum wavefront that maximizes the extinction can thus
5 of 12
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e conveniently rephrased as finding the optimum contribution
f each Zernike polynomial, thereby retrieving the optimum
xpansion coefficients 𝛼𝑛 . To this end, we project a linear
ombination of Zernike polynomials on a spatial light modulator
SLM) that we accumulate sequentially, that is, by adding order
fter order and optimizing just the coefficient of the highest
rder term as we add it, as depicted in Figure 3b . This pat-
ern is relay imaged onto the back-focal-plane (BFP) of the
icroscope objective, thereby modulating the phase of incident
ave vectors, while the objective focuses the incident light
nto a single nanoscatterer. To obtain the optimum expansion
oefficient for each 𝑛, we measure single particle reflectance
alues for a range of 𝛼𝑛 by measuring reflected point-spread-
unctions (PSFs) of the focus both on and off (i.e., away from)
 particle, continuously referencing these two measurements
o each other to determine the extinction. Switching between
n- and off-particle excitation is achieved by projecting an
dditional phase-ramp pattern on top of the Zernike expansion,
hich causes a shift of the focus in the sample plane. This
rocedure avoids any mechanical sample movements and, hence,
otential drifts during the measurement. Example PSFs of a
ocus corresponding to an extreme value of 𝛼𝑛 (with 𝑛 = 5 ) both
n and off a single nanoparticle are shown in Figure 3c and
igure 3d , respectively. The corresponding measured reflection
alues as a function of 𝛼5 are shown in Figure 3e as black
ata points, from which a clear minimum in reflection can be
bserved. Fitting the data with a Gaussian function, depicted
y the red solid line in Figure 3e , allows us to identify the
ptimum expansion coefficient 𝛼𝑛 , after which the next Zernike
olynomial is projected on the SLM. This process is repeated
or 20 Zernike polynomials (excluding 𝑍0 , which corresponds
o an arbitrary phase offset) according to the sequence depicted
n Figure 3a . At the end of this process, we restart the opti-
ization at 𝑍1 and repeat this cycle of optimization five times
o ensure convergence. The minimum reflectance value for
ll iterations is shown in Figure 3f , showing a convergent
ehavior. It can be seen that an additional 8% in extinction
s achieved through illumination with an optimized wavefront
ith respect to an unmodulated wavefront, reaching nearly
0% extinction by a single nanoparticle. The resulting optimum
avefront that is projected onto the SLM after completing the
ptimization routine is shown in Figure 3g . We confirmed that
onvergence is reached for all spacer heights by applying the
ptimization protocol to 2 ×2 clusters of nanoparticles separated
rom the mirror by 202, 305, 389, 529, and 641 nm, of which
he results are shown in the Supporting Information. For a
eight of 389 nm, we observe that a sub-wavelength cluster of
 ×2 nanoparticles is able to cause > 90% extinction of focused
ight. 

t is important to note that small alignment imperfections cause
dditional minute aberrations in the excitation path of the setup.
n unmodulated phase pattern (flat phase) projected onto the
LM therefore does not correspond to an actual flat phase profile
n the BFP of the microscope objective. The optimization routine
hus optimizes for both the matching of scattered wavefronts
rom a single nanoparticle-on-mirror, and for the removal of these
xtra aberrations in the setup. The optimal wavefront shown in
igure 3g shows the combination of these two effects, which
xplains the asymmetric features present in the wavefront. 
of 12

 

4 Time Reversal of Scattered Wavefronts 

We now more closely analyze the resulting optimized wavefronts
as extracted from the optimization workflow described in the pre-
vious section, and qualitatively argue that the resulting incident
wavefronts are correlated to time-reversed scattered wavefronts
from a nanoparticle-on-mirror system. To gain insights into the
scattering behavior of a nanoparticle on a mirror, we perform
analytical calculations in which we model the nanoparticles as
dipolar scatterers in a layered system using the Green function of
the stratified system [ 34 ] and corresponding modeling parameters
as discussed in the Methods section. For this, we utilize the
Python package “PyRAMIDS”, which will shortly be released
as open-source software through a separate publication. We
calculate the scattered intensity and phase from a single dipole
separated by a varying distance from a gold back reflector, and
plot the resulting polar emission patterns in Figure 4 . Specifically,
the dipole is oriented in the y -direction, which is aligned parallel
to the long axis of the plasmonic nanorods in the wavefront
shaping experiments. Here, we choose spacer height values of
202, 305, 389, 529, and 641 nm, and visualize both scattered
intensity and phase as black and red curves, respectively. From
this figure, we can observe strong variations in dipolar emission
as a function of spacer height. The variation in scattered intensity
is the fundamental reason why only a small range of spacer
heights causes optimal extinction, as observed in Figure 2h . For
these optimal heights, a nanoscatterer can most efficiently scatter
light into a high-NA angular far-field spectrum, as shown, for
instance, in the emission pattern of Figure 4c , which can therefore
efficiently interfere with a high-NA focused illumination, causing
optimal extinction. The variation in scattered phase indicates that
a different optimal incident wavefront is required for each spacer
height to cause optimal extinction. We investigate this height-
dependent variation in the optimum wavefront by inspecting
the optimum wavefronts retrieved from the optimization mea-
surements performed on particles positioned on different spacer
heights. For experimental convenience, we perform the optimiza-
tion on the 2 ×2 clusters of nanoparticles, but note that, due to
the symmetry and sub-wavelength dimensions of these clusters,
the far-field emission characteristics are nearly identical to those
of single nanorods, up to an overall increase in scattered field
amplitude. Therefore, we argue that the optimum wavefronts
retrieved from 2 ×2 particle clusters and single particles would be
essentially identical. 

To decouple the effects of aberrations in the setup from the
relevant spacer height-dependent variations in scattered wave-
fronts, we inspect differences in optimum wavefronts relative to
a reference wavefront optimized for a constant spacer height.
We show differential optimized wavefronts in Figure 5a–d for
spacer heights of 305, 389, 529, and 641 nm, respectively, all
referenced to the optimum wavefront for the spacer height of
202 nm. We further subtract an arbitrary phase offset from all
differential wavefront patterns, such that the center of Fourier
space corresponds to a differential phase of 0 radians. The result-
ing relative phase profiles show a higher degree of symmetry
than the raw optimized wavefronts, indicating that the effect
of static aberrations is indeed removed after referencing. We
attribute the remaining minute asymmetries to a slight tilt of
the sample with respect to the objective. Striking differences are
Laser & Photonics Reviews, 2026
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FIGURE 4 Theoretical emission patterns from a dipole on mirror. Scattered intensity and phase of a y -oriented dipolar scatterer on a mirror are 
indicated as black and red solid curves respectively. The spacer height is varied in each panel as (a) 202; (b) 305; (c) 389; (d) 529, and (e) 641 nm. 
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389, (c) 529, and (d) 641 nm. All wavefronts are optimized for a cluster of 2 ×2 particles. (e)–(h) Theoretical differential phase patterns of the scattered 
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where the black and red curves denote experimentally optimized wavefronts and theoretical differential wavefronts, respectively. An arbitrary phase 
offset is subtracted from all differential phase profiles, such that the center in Fourier space corresponds to a differential phase of 0 radians. 
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gain observed for the optimized wavefronts as a function of
pacer height. We note especially that the differential wavefronts
hown in Figure 5a,d show interesting features, where a rapid
elative phase variation shows up at high excitation angles. To
raw a qualitative comparison between the expected dipolar
cattered wavefronts, we show theoretical far-field scattering
alculations of relative phase profiles in Fourier space from a
ipole-on-mirror system in Figure 5e–h , using again the exact
ame height parameters as were chosen in the experiment. We
bserve qualitative similarities between the theoretical scattered
ifferential wavefronts and the experimental optimized differen-
ial wavefronts. To draw a closer comparison, we plot line cuts of
aser & Photonics Reviews, 2026
the Fourier space images through the 𝑘𝑦 ∕𝑘0 = 0 axis in Figure 5i–
l , and show experimental and theoretical relative wavefronts as
black and red curves, respectively. Note that the curvatures of
all relative optimized wavefronts qualitatively agree with the
theoretical scattered relative phase profiles. 

Quantitative discrepancies between theoretical and optimized
wavefronts remain, which we attribute to the following main
causes. First of all, possible steep wavefront gradients in the
optimum wavefront, which are described by the higher-order
Zernike polynomials, are only reconstructed approximately due
to the finite number of lower-order Zernike polynomials present
7 of 12
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n our optimization basis. This effect is clearly observed in
igure 5i,l : the theoretical relative scattered wavefronts contain
teep wavefront gradients, which the experimentally optimized
avefront approximates with smooth gradients. Second, ideal
ime reversal of scattered wavefronts is only achieved with full
ectorial complex amplitude and phase modulation capabilities.
n our experimental setup, we can only shape the phase of the
ncident focus in Fourier space, while the amplitude remains
ixed as a uniform beam profile that fills the back-focal-plane.
egions in Fourier space in which a dipole cannot efficiently
adiate intensity can therefore introduce inaccuracies in the opti-
ization result. This explains the relatively larger discrepancy
etween theory and experiment in Figure 5k , which we attribute
o a larger mismatch between the scattered amplitude of the
anorod-on-mirror as seen in Figure 4d compared to the uniform
eam profile in the experimental setup. Finally, we work in just
ne fixed polarization channel, which does not take polarization
ariations in the scattered waves into account. 

 Angle-Resolved Extinction 

rom time-reversal arguments, it is expected that extinction can
nly happen in those regions of Fourier space in which a dipole
an actually emit with non-vanishing intensity, and a strong cor-
elation between angle-resolved extinction and dipole-scattering
ntensity is anticipated. We therefore investigate how the spacer-
eight-dependent extinction is distributed in Fourier space and
ompare the result to theoretically calculated scattered dipole
ntensities. To this end, we focus an optimum wavefront onto
 cluster of 2 ×2 nanoparticles and measure the resulting angle-
esolved reflected signal 𝐼cluster (𝑘̂ ) by using Fourier microscopy
see Supporting Information for details of the full experimental
etup). By recording a reference angle-resolved reflected signal in
he absence of the nanoparticles 𝐼ref (𝑘̂ ) (essentially the reflected
ignal from the back mirror only), we can derive an angle-resolved
xtinction pattern 𝐸(𝑘̂ ) by 𝐸(𝑘̂ ) = 1 − 𝐼cluster (𝑘̂ ) 

𝐼ref (𝑘̂ ) 
, which provides

nsight into the angular regions in Fourier space for which a
anoscatterer causes efficient destructive interference with the
irectly reflected incident field. We show such experimental
ngle-resolved extinction patterns in Figure 6a–e for the same
election of spacer heights as mentioned in the previous section.
rom these images, primarily regions of positive extinction can
e discerned, sometimes approaching unity, as is the case in
igure 6a,c , which correspond to regions in Fourier space in
hich the nanoscatterers can fully extinguish incident radia-
ion. A strong angle-dependent extinction efficiency is observed,
hich varies as a function of spacer height. We compare these
ngle-dependent extinction efficiencies to the calculated dipolar-
cattering intensities for the exact same heights, as shown in
igure 6f–j , and observe a strong correlation between experi-
ent and theory. This finding corroborates that the extinction
f focused light is due to destructive interference of incident
aves with the scattered waves of the nanoparticles, thereby
roviding additional evidence that the incident waves are indeed
ime-reversed in those regions in which a dipole is allowed to
adiate. The fact that regions of non-unity extinction occur is
ue to the mismatch in amplitude between incident light and
he dipole radiation pattern, which can be resolved only by
mplitude shaping. Consequently, further amplitude shaping of
he incident waves can be beneficial to reach even higher total
of 12
extinction efficiencies for those spacer heights that show strong
angle-dependent extinction. 

An interesting follow-up question is in which channels the
extinguished light is transduced. Assuming complete destructive
interference between the scattered wave of the nanoparticle
and the back-reflected incident wave, the incident light can be
transferred into one of the following decay channels: (1) Ohmic
absorption in the nanoparticle, (2) absorption in the metallic film,
and (3) radiation into scattering angles larger than those collected
by the microscope objective. In the Supporting Information, we
have performed a theoretical analysis in which we estimate the
fraction of extinguished light that is transduced into each separate
decay channel by evaluating the local density of optical states
(LDOS) of the dipolar particle in a stratified medium. 

Finally, there are regions in Fourier space where an apparent
negative extinction shows up, as we can observe, for instance,
in Figure 6b,e . Negative angular extinction relates to specific
regions in Fourier space in which relatively more light is reflected
from a nanoparticle-on-mirror system than from the mirror only.
This can happen in regions of the incident wavefront that are
out of phase with respect to the time-reversed scattered wave of
the nanoparticle, effectively leading to constructive interference
between the scattering of the nanoparticle and the incident
wave. This is, for instance, the case for the differential optimum
wavefronts in Figure 5i,l . We further observe that, due to the wave-
front discrepancies caused by the smooth Zernike polynomial
approximation of the actually abrupt phase changes in the dipole
radiation pattern, there are indeed small angular regions in which
the relative optimum wavefront is slightly out of phase relative to
the calculated scattered phase. These are exactly the regions that
correspond to the negative extinction values of Figure 6b,e . 

The central notion underlying Figure 6 is that extinction of a
small object with a focused beam can be interpreted as the
angle-resolved destructive interference of the reflected incident
wavefront and the scattering pattern of the object. Interestingly,
this also means that wavefront shaping allows one to control the
regions in which extinction occurs in the back focal plane. To
demonstrate this idea, we add a set of binary 0 − 𝜋 phase patterns
to the wavefront optimized for a 2 ×2 cluster of nanoparticles
separated from the mirror by the optimum height of 389 nm.
Since extinction is connected to the interference between the
scattered field and the back-reflected incident light, one expects
that, in regions where the incident phase front is toggled to be
out of phase with respect to the ideal time-reversed phase front,
constructive interference with the scattered wave occurs (i.e.,
negative extinction). The projected additional phase patterns are
depicted in Figure 7a–c , which result in the corresponding angle-
resolved extinction patterns shown in Figure 7d–f . We observe
that negative extinction is indeed seen in those regions in which
the incident wavefront is out of phase with the optimum time-
reversed scattered wavefront. Effectively, the outgoing power is
redirected from the positive to the negative extinction regions. In
this way, angular extinction in Fourier space can be engineered
by projecting additional designer patterns. In the particular case
of Figure 7f , we observe that the angle-resolved extinction is
drastically reduced when a 0 − 𝜋 symmetric phase step is added
to the optimum wavefront. Expressed in wave vector space, this
particular incident wavefront is symmetry-mismatched from the
Laser & Photonics Reviews, 2026
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FIGURE 6 Angle resolved extinction correlates to scattered dipole intensity. (a)–(e) Experimental angle resolved extinction patterns for optimized 
wavefronts illuminated onto a cluster of 2 ×2 nanoparticles separated from the back reflector by spacer layers of thickness (a) 202, (b) 305, (c) 389, (d) 
529, and (e) 641 nm. (f)-(j) Theoretical angle resolved scattered intensity patterns of a dipole on mirror, separated by the same spacer heights as used in 
panels (a)–(e). 

FIGURE 7 Extinction engineering in Fourier space. Panels (a), 
(c), and (e) denote additional phase patterns projected on top of the 
optimum wavefront, and panels (b), (d), and (f) show angle-resolved 
extinction patterns for a 2 ×2 cluster of nanoparticles corresponding to 
these projected phase patterns. The nanoparticles are separated from the 
back reflector by a distance of 389 nm. 
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ipole mode of the particle. Expressed in real-space terms, the
ncident wavefront focuses to a double-lobed PSF with vanishing
ntensity at the center, akin to a Hermite–Gaussian beam profile,
hich can only interact with much weaker quadrupole terms in
he particle polarizability. As the main dipolar particle resonance
aser & Photonics Reviews, 2026
is not excited at all, this means that there is hardly any extinction
(i.e., neither positive nor negative extinction). This observation
highlights the crucial aspect of efficient generation of a scattered
wave from the nanoparticle, without which no interference, and
therefore no extinction, can happen. Of course, the total angle-
integrated extinction cannot be lower than zero, and regions
of positive and negative extinction must therefore be properly
balanced. Finally, the total extinction values obtained using the
non-optimal incident wavefronts of Figure 7a–c correspond to
0.44, 0.63, and 0.1, respectively. This highlights that an extinction
modulation depth of at least 80% is possible through phase-
only shaping. 

6 Conclusions 

In summary, we study optimal extinction scenarios in finite-sized
particle arrays and single-nanoparticle-based Salisbury-screen
systems. We experimentally investigate how the phase of a
tightly focused beam can be engineered in Fourier space for
optimum extinction in single nanoparticle-on-mirror systems
and qualitatively argue that the optimum incident illumination
conditions are matched to the time-reversed radiation pattern of
the nanoparticles. Using these tailored illumination schemes, we
demonstrate that a single plasmonic nanoparticle on a reflector
can attenuate 70% of a focused light beam, while a cluster of 2 ×2
particles can cause up to 90% extinction. 

Looking ahead, higher extinction contrasts could be realized
through tighter focusing using immersion optics. Additionally,
incorporating amplitude and polarization [ 35 ] structuring capa-
bilities in our wavefront shaping setup could further enhance
mode matching with the scatterer’s radiation pattern. On the
side of the scatterer, higher extinction cross sections could
be engineered by mixing multipole contributions in low-loss
dielectric particles supporting Mie resonances [ 21, 36, 37 ]. Besides
reaching optimum extinction, the developed framework could
also be exploited to probe multipole resonances in scattering
objects by analyzing the optimum wavefront and corresponding
9 of 12
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ngle-resolved extinction. This could be potentially interesting
n, for instance, Fano-resonant systems [ 38, 39 ], where precise
dentification of dominant modes is critical. Additionally, the
nvestigated platform could be exploited as a highly responsive
ptical sensor, where one could investigate how perturbations
n the nanoscale [ 40 ] influence optimum extinction condi-
ions. Finally, an interesting continuation to this work would
e to experimentally probe the specific channels into which
he extinguished light is transduced (i.e., absorption at the
articles, launching of propagating surface modes, and direct
nelastic absorption at the surface). Experimentally, propagating
urface modes could be visualized by, for instance, electron
eams [ 41 ], or scanning near-field probes [ 42 ], while many
hotothermal schemes [ 43 ] are available to probe particle
bsorption. Altogether, our work highlights the potential of
ailored wavefront engineering to maximize optical extinction
t the nanoscale, paving the way for ultracompact light con-
rol. 

 Methods 

.1 Sample Fabrication 

e fabricate the nanoscatterers-on-mirror samples by electron
eam (e-beam) lithography using the following procedure. A
70 μm -thick glass substrate (Menzel–Gläser) is sonicated for
0 min in H2 O and cleaned in a solution of base piranha
NH4 OH:H2 H2 :H2 O = 1:1:5) at 75 ◦C for 15 min. After thoroughly
insing excess piranha with H2 O, the sample is blown dry with
2 . For high-resolution patterning of nanostructures, we utilize
 multistack thin film recipe consisting of a thick polymethyl
ethacrylate (PMMA) bottom layer, followed by a thin Ge layer,
hich is finally covered by a thin e-beam resist (CSAR AR-P
200:09) as top layer. Here, the thin e-beam resist allows for high
esolution e-beam writing, the Ge layer serves as a sacrificial
ask through which the patterns can be etched, and the thick
MMA layer generates sufficient undercut for lift-off. We start
y spin-coating a solution of (PMMA:Anisole = 3:2) at 3000 rpm
or 45 s, followed by baking the sample at 180 ◦C for 2 min,
esulting in a 150 nm layer of PMMA, after which a 20 nm Ge
ask is deposited by thermal evaporation (Polyteknik Flextura
508 E) at a rate of 0.05 nm/s. A solution of e-beam resist
CSAR:Anisole = 3:2) is then spin-coated at 4000 rpm for 60 s
nd baked at 150 ◦C for 2 min, resulting in a 60 nm resist layer.
hen, 50 nm gold nanoparticles are drop-cast in the corners of
he substrate for e-beam alignment purposes. E-beam exposure
Raith) is done at an acceleration voltage of 50 kV, a beam
urrent of 0.123 nA, and a nominal dose of 130 μC /cm2 . After
xposure, the sample is developed in consecutive solutions of (1)
myl-acetate for 60 s, (2) o-xylene for 6 s, (3) methyl-isobutyl-
etone/2-propanol (MIBK:IPA = 9:1) for 15 s, (4) 2-propanol (IPA)
or 30 s, and finally blown dry with N2 . We then plasma etch
Oxford Plasmalab 80 + ) the pattern through the Ge mask using
 gas mixture of O2 :SF6 = 1:5 for 60 s at a forward power of 30
, and the PMMA layer using O2 plasma for 100 s at forward
ower of 50 W. After etching, we deposit a 40 nm gold film
sing e-beam evaporation (Polyteknik Flextura M508 E) at a rate
f 0.05 nm/s. Excess PMMA, Ge and gold are removed by a
ift-off process by immersing the sample in acetone at 50 ◦C for
 h, followed by gentle flushing. After characterization of the
0 of 12
nanoparticle sample with an SEM, we spin-coated a solution of
commercial spin-on glass (Microresist OrmoComp) at 4000 rpm
for 60 s and baked at 100 ◦C for 1 min, resulting in a thin film
of 50 nm. This thin film smooths possible surface modulations
caused by the nanoparticles before deposition of the dielectric
graded layer. To obtain a variable spacer height, we deposit
SiO2 at a rate of 0.1 nm/s using e-beam evaporation (Polyteknik
Flextura M508 E). A linear shutter that is partly covering the
sample can be controlled to obtain a staircase-like thin film
that is increasing in thickness with steps of roughly 10 nm,
with a lateral step size of 500 μm . Finally, a 50 nm gold back
reflector is deposited by e-beam evaporation at a rate of 0.05
nm/s. 

7.2 Theoretical Calculations 

Nanoscatterer-on-mirror emission patterns are calculated using
the Green function formalism. In brief, we model the scatterers
as electric dipole sources 𝐩 positioned at 𝐫0 above a back reflector.
For such systems, the total Green function 

↔

𝐆 

( 𝐫1 , 𝐫0 ) can be
separated into free-space and reflected contributions [ 34 ], after
which the scattered electric fields 𝐄 can be determined in the
reflected far-field half-space at position 𝐫1 as 

𝐄 ( 𝐫1 , 𝐫0 ) = 𝜔2 𝜇0 
↔

𝐆 

( 𝐫1 , 𝐫0 ) ⋅ 𝐩 , (3)

where 𝜔 is the driving frequency and 𝜇0 the free-space perme-
ability. We construct the layered medium in the calculations to
precisely mimic the experimental conditions. The consecutive
layers are: (1) a semi-infinite half-space of air with a refractive
index 𝑛air = 1 , (2) a 50 nm gold back reflector with refractive
index taken from Ref. [ 44 ], (3) the variable spacer layer of
SiO2 with 𝑛SiO2 = 1 . 42 , and (4) a semi-infinite layer of glass
with 𝑛glass = 1 . 5 . The dipole scatterer is positioned above the
back reflector according to the experimental parameters, and the
dipole emission is collected on the glass side. 
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