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ABSTRACT: The emergence of technologies operating at
the nanometer scale for applications as varied as nano-
fabrication and super-resolution microscopy has driven the
need for ever more accurate spatial localization. In this
context, nanostructures have been used as probes in order to
provide a reference to track lateral drifts in the system. Yet
nanometer precision remains challenging and usually involves
complicated measurement apparatus. In this work we report a
simple method based on symmetry considerations to measure
the position of a subwavelength nanostructure. For a
particular choice of structures, gold nanoparticles, we demonstrate a subnanometer lateral precision of 0.55 nm. The
versatility of the method also allows for the use of different structures, offering a promising opportunity for subnanometer
positioning accuracy for a wide variety of systems.
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In both research and industry, the decreasing size of
components along with the increasing technological

complexity drive the demand for positioning samples with
subnanometer precision. To mention only a few examples, in
the semiconductor industry the emergent technology of
monolithic 3D architectures promises better scaling than the
current 2D Moore scaling, which is already showing signs of
diminishing returns.1 Yet, this approach requires much higher
precision for the positioning of wafers, in particular, for the
bonding step.2 In parallel, the field of optical microscopy has
also been pushing the limits of optical imaging to the
nanometer scale with the advent of super-resolution micros-
copy.3,4 Operating at resolutions of the order of a few
nanometers requires both accurate positioning and stabiliza-
tion of the sample. In particular, methods relying on the use of
multiple images with long acquisition time, such as PALM5 or
STORM,6 are very sensitive to sample drift.
As a consequence, a large variety of methods has been

explored in order to accurately measure the position of a
sample with different constraints depending on the specific
application. Diffraction Based Overlay (DBO) is a typical all-

optical positioning method used in the semiconductor industry
for the bonding process, providing subnanometer accuracies.7

For this technology, the grating quality and, most importantly,
its size are critical to maintain subnanometer performances. On
the other hand, the number of final devices per wafer
constitutes a strong constraint in the industry, and reducing
the size of DBO gratings represents an active area of research.
Recent efforts have allowed the development of μDBO, but
regions of the order of 10 μm2 are still required.8 In the field of
optical microscopy, nanoscale structures such as fluorescent
probes or metallic nanoparticles have been widely employed as
sample position markers. Using methods that rely on
determining the centroid of the point-spread function, lateral
resolutions of 10 nm and better have been demonstrated,9

allowing for single fluorophore imaging with 1.5 nm local-
ization.10 In general, centroid-based methods are limited to
precisions down to a few nanometers, even with recent
algorithms.11,12 In the context of dSTORM microscopy,13
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active sample stabilization was successfully implemented using
gold nanoparticles, increasing the resolution by 26%.14 By
measuring both the phase and the amplitude of the field, this
method provides more information from the scattered field
and leads to a lateral localization precision of 1.5 nm when
using a single gold nanosphere. Alternatively, methods relying
on only measuring the amplitude can be improved by using
optical nanoantennas, which exhibit strongly directional light
scattering, where a small displacement of the nanoanteanna
can produce a strong variation of the scattered field.15 While
these methods have reached subnanometer lateral resolutions,
the fact that they either require a complex apparatus (e.g.,
phase and amplitude imaging) or intricate structures (e.g.,
resonant nanoantennas or diffraction gratings) significantly
limits their versatility.
In this work, we propose a novel method based on general

considerations related to the symmetries of the system. The
concept can be described as follows: using a scattering
structure and an incident field that both present a cylindrical
symmetry with identical axis directions, the whole system is
cylindrically symmetric only when the scatterer is centered
with respect to the incident beam. By accurately monitoring
the pattern of the scattered field and, in particular, its
asymmetry, the displacement of the scatterer from the beam
center can be inferred. This effect can be viewed in terms of
angular momentum conservation, related to the cylindrical
symmetry: as the scatterer is moved off-center, additional
components of the angular momentum are allowed, con-
sequently modifying the scattered field pattern. This method is
amenable to a study using general mathematical principles,
showing that even the condition of cylindrical symmetry can be
relaxed18 and small deviations from the ideal system will not
affect the measurement. For these reasons, the approach
presents several advantages with no constraints on the scatterer
nature or the incident beam besides their geometrical
symmetry and a simple measurement apparatus relying on
the scattered field intensity imaging. In this Article, we focus
on a particular implementation of this approach using gold
nanospheres probed by a circularly polarized Gaussian beam
and demonstrate a lateral localization of 0.55 nm. In addition,
we show that the gold nanospheres can be used as a reference
point to compensate for various sources of drift of the

experiment when the stage is quickly driven to different
positions. To emphasize the versatility of the approach, we also
present results obtained with a different type of nanostructure,
namely, circular nanoapertures in a gold film.
The experimental setup, depicted in Figure 1a, consists of a

left circularly polarized Gaussian beam focused with a high
numerical aperture objective (NA = 1.4) onto a single 125 nm
diameter gold nanosphere deposited on a glass coverslip (see
Supporting Information). The scattered field is back collected
through the same objective and spatially filtered such that the
strong back-reflection from the coverglass is removed. Such
dark-field configuration is achieved by under-filling the
objective and filtering out these components in the imaging
part via a spatial filter (see Figure 1a). To further improve the
precision of our method, only the crossed-polarized
component of the backscattered field (right circularly
polarized) is imaged on a digital camera (see Figure 1b).
When the gold nanosphere is centered with the incident beam,
the symmetry of the whole system imposes conservation of the
total angular momentum (Jz = 1), while due to the lack of
electromagnetic duality symmetry of the system, the helicity
(or circular polarization for collimated beams) can change
through the scattering process.16 As a consequence, the
scattered far-field contains both helicities (Λ = ±1), where
one helicity component presents a Gaussian distribution and
the other ideally presents an optical vortex of charge 2. By
imaging only the latter, the particular pattern of this doughnut
beam facilitates tracking its distortion as a function of the gold
nanosphere position relative to the incident beam. Due to the
imperfect polarization selection in the experiment and the
inherent instability of the charge 2 optical vortices, the pattern
presents instead two optical vortices of charge 1.17 To
characterize the doughnut beam distortion, the image
processing algorithm retrieves two particular points from the
scattered field pattern: the first point defined as the midpoint
between the two local minima of the field related to the two
optical vortices, and the second point defined as the intensity
weighted centroid of the pattern. From these two points, we
define a vector in the camera reference frame with magnitude
D and angle α (see Figure 1b, inset). Other points in the image
can alternatively be chosen to acquire similar information,18

but our choice of points along with the processing algorithm

Figure 1. Experimental approach. (a) Experimental setup based on an inverted microscope with a piezo-stage to control the position of the sample.
A 405 nm laser is focused using a 1.4 NA objective, and its polarization is controlled using a polarizer and a quarter-waveplate (QWP). The
backscattered light is collected through the same objective and the set of QWP/polarizer allows to isolate the polarization component producing
the doughnut beam. After the beam splitter (BS), the lens (L1) allows to conjugate the Fourier plane (objective rear aperture) to the spatial filter.
The resulting dark-field image is produced on the complementary metal-oxide semiconductor (CMOS) camera with a lens doublet L2. (b) Image
processing of the scattered field pattern. The magnitude D and angle α (see inset) are obtained from the midpoint (white cross) between the two
intensity minima related to the two optical vortices (gray solid circles) and the intensity weighted centroid (red solid square).
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provide good stability and sensitivity (see Supporting
Information). When the gold nanosphere is centered, the
pattern is expected to present a very high degree of symmetry,
only limited by experimental inaccuracies, so that the distance
between the points obtained (vector magnitude D) will then
be minimized and approaching 0. Conversely, as the
nanosphere is moved away, the symmetry of the pattern will
degrade rapidly, consequently increasing the vector magnitude
D. The value of D and α can be interpreted as the magnitude
and the direction of the pattern distortion, respectively.
We now demonstrate the possibility to define a reference

position as the position of the gold nanosphere that minimizes
the magnitude D. This is achieved by moving the sample in
steps of 1 nm using a piezo nanopositioner to obtain a 2D scan

of the region around the expected reference position. For each
stage position, and to reduce the effect of mechanical drift, 50
images are taken in rapid succession by using short exposure
times (1 ms) and a small active area for the CMOS sensor
(144 × 144 pixels). These images are averaged in groups of five
successive images in order to reduce noise and increase the
dynamic range, and the resulting 10 averaged images are
processed in order to obtain the values of D and α. Figure 2
presents the 2D maps for both the magnitude D and the angle
α for a 20 × 20 nm2 region (1 nm steps). As expected, the
magnitude D changes slowly with the displacement of the
nanosphere when we are considering such a small range of
motion. Remarkably, the angle α presents a singularity that
corresponds to the sample position where the magnitude D is 0

Figure 2. Experimental 2D scans. The scan extends over a region of 20 × 20 nm2 with a step of 1 nm. The results from the image processing are
presented in terms of (a) magnitude D and (b) angle α.

Figure 3. Drift correction. (a) Sample is moved between four different extremum positions (x = ±10 nm and y = ±10 nm), returning to the central
position each time. Any offset between the central position and the reference position, defined as D = 0, is corrected for, allowing the compensation
for any potential drift occurring in the system along with cumulative errors from the piezo-stage (stage precision and hysteresis). (b and c) Details
of the positions (x = 0 nm, y = 10 nm) and (x = 0 nm, y = −10 nm), respectively, along with the position histograms along the x- and y-directions.
For clarity, the inferred positions are recentered.
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and the angle cannot be defined. This singularity is a
topological feature of the measurement space and is
consequently expected to be stable even under continuous
deformation of the system.18 For example, small deformations
or imperfections of the scattering object or the incident beam
will still provide a singularity in the measurement space,
although the precision might be impacted depending on the
degree of deformation. In the case of subwavelength particles,
the asymmetry of the particle will not be relevant for
wavelengths at which the particle effectively behaves as a
point dipole. On a practical level, this singularity can be used to
define a reference position. When the step size used is
comparable or larger than the precision of the method, the 2D
maps show little noise and the reference position is then
defined to within 1 pixel. For example, for the maps presented
in Figure 2, we can identify the reference position with a
precision related to the step size of 1 nm. We note that due to
the large number of experimental measurements contained in
the 2D maps, the use of a simple fitting function would allow
to determine the reference position with a much higher
precision. In addition, for an off-center position of the sample,
obtaining the value for D and α is sufficient to know the
position of the sample relative to the reference, assuming prior
knowledge of the full 2D map in the region considered. In
order to retrieve a calibration from the 2D maps, Cartesian
coordinates are obtained from the values of D and α: xpx = D
cos(α) and ypx = D sin(α), where the units are in terms of the
camera pixels. The calibration, assuming a linear dependence
for a sufficiently small range of positions, can simply be
expressed in matrix form as
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where ( )xy is the physical position of the piezo-stage. The

calibration matrix is then inverted such that for a subsequent

measurement the physical position can be inferred from
i
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.

Asymmetry of the 2D maps, visible from the elliptical shape of
the distance D, will also propagate to the calibration matrix.
This asymmetry likely originates from the beam preparation
and focusing (e.g., imperfect polarization control and
astigmatism).
Taking advantage of the reference position, we demonstrate

an active feedback approach that can be used to stabilize the
position of the sample even when the stage is frequently
moved. After obtaining the 2D maps, we moved the sample to
four different positions: x = ±10 nm and y = ±10 nm. Between
each extremum position, the sample is recentered and any
offset to the reference position (D = 0) is corrected for. This
active feedback allows to correct for any drift in the
experiment, but also for cumulative errors due to the piezo-
stage hysteresis. Each cycle, defined by moving the stage to an
extremum position and then back to the center for each of the
four different extremum positions, with a total of eight stage
positions per cycle was repeated 100 times. For each of the 800
positions, 50 images are taken and averaged in groups of five;
the resulting 10 averaged images are processed in order to
obtain the values of D and α. By using the calibration from the
2D maps the x- and y-positions are inferred, displayed in
Figure 3, showing an average standard deviation of 0.65 and 1
nm in the x- and y-direction, respectively. Conversely, in the

camera frame
i
k
jjj

y
{
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x
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px

px
, the standard deviation is isotropic. Noise

originating from the image processing, such as image shot
noise, would lead to an isotropic error in the camera frame. In
this case, any asymmetry from the 2D maps and, consequently,
the calibration will then be directly imparted on the inferred

( )xy position. This is consistent with our experimental

observation, suggesting that the precision is mostly limited
by noise in the imaging system. We also note that by correcting
for the central position to coincide with the reference position,
the cumulated offset correction that was applied in this case
reached 4.5 nm. For the drift correction the image acquisition
time amounts to 0.1 s and the image processing time to 1.2 s
on average, making this approach particularly adapted to
correct for slow drifts, for example drifts related to temperature
changes. Our method combined with the piezoelectric
feedback allows for compensating both slow drifts and fast
mechanical instabilities, achieving a positioning accuracy
difficult to obtain otherwise.
In order to better assess the precision of the method, we also

performed a 30 nm line scan along the x-direction toward the
center with a 3 nm step width. By using only 10 steps, from x =
30 nm to x = 0 nm, the cumulative error from the piezo-stage
hysteresis is expected to be minimal. The images were not
processed in real-time in this case, so that the scan was
obtained in the shortest possible time to reduce the impact of
drift in the system. As previously done, for each stage position,
50 images were taken and averaged in groups of five, the
resulting 10 averaged images were later processed in order to
obtain the values of D and α. The result from the line scan, in
terms of the magnitude D, is presented in Figure 4 where each

step is well resolved. The calibration obtained from 2D scans
was not used in this case in order to minimize the error related
to the linear approximation of such a calibration. Instead,
knowing each step is nominally 3 nm, an effective calibration is
obtained by relating the difference between the average values
of D before and after the step to a 3 nm position change. This
enabled us to express the standard deviation at each stage
position in nanometers, leading to an average standard
deviation of 0.55 nm for this line scan. This calibration leads
to an uncertainty associated with the lateral precision of the
piezo-stage, and using standard error propagation, we obtained
a negligible error of 0.01 nm for this uncertainty (see
Supporting Information). It is important to note that the 1

Figure 4. Precision. 30 nm line scan along the x-direction toward the
reference position with a 3 nm step. For each stage position, 50
images were taken and averaged in groups of 5; the resulting 10
averaged images were later processed in order to obtain the values of
D. The mean value of the magnitude is calculated for each step (solid
line), along with the 1 − σ interval (shaded region).
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− σ precision we have measured, 0.55 nm, is related to short-
term mechanical instabilities in the system (e.g., vibrations),
the stage active feedback accuracy (0.3 nm), and the precision
of our measurement method. Assuming instead a perfect point-
dipole scatterer and point-spread function, no background
noise, and a perfect compensation from the piezo feedback of
all mechanical instabilities, we obtain a theoretical lower bound
for the precision of centroid-based localization of 0.47 nm (see
Supporting Information). Our method provides a localization
precision only 17% higher than best case estimate of the
theoretical bound for centroid-based method. Moreover, by
using the symmetry of the pattern, the localization information
is related to the relative position of the scatterer with regard to
the incident beam. As a consequence, potential drifts occurring
in the imaging part of the experiment do not impact the
precision, providing an important advantage over conventional
position measurement methods such as centroid-based
algorithms and split-detectors sensing.19 Indeed, while these
methods can reach nanometer-scale precisions, they are not
suitable to provide a robust reference position. This also
impacts the design of the experiment where, for our method,
greater care was given to achieving high stability for the
incident beam (see Supporting Information).
Remarkably, our method does not rely on specific materials

or resonances, but instead relies on some geometrical
considerations of the whole setup. As a consequence, a wide
variety of structures could be used in a similar way, along with
virtually any wavelengths. To demonstrate this important
versatility, we performed 2D scans using a completely different
structure and setup: an isolated circular nanoaperture in a 150
nm thick gold film measured in transmission. Excited with a
circularly polarized beam, the scattered field was collected in
transmission and selected in polarization to isolate the
doughnut beam. Although the mechanical stability of this
experimental setup did not allow for subnanometer precision
(1-σ precision of 4.5 nm), the reference position (D = 0) was
retrieved for different aperture sizes, as shown in Figure 5.

Similarly to the nanoparticle the retrieved scan maps for both
nanoapertures depart from the expected cylindrical symmetry.
We also note that while both 120 nm colloidal particles and
circular nanoapertures did not present perfect a cylindrical
symmetry, the singularity was always present in the measure-
ment space. The expected larger asymmetry for the nano-

apertures compared to the colloidal particles could have
contributed to the lower precision of 4.5 nm for the
nanoapertures.
In conclusion, in this Article we have proposed a novel

method based on symmetry considerations that allows for
subnanometer lateral localization precision. For a scatterer and
an incident field both presenting cylindrical symmetry along
the same axis direction, a reference position can be determined
when the scatterer is centered with regard to the incident
beam. Through the analysis of the scattered field intensity, the
offset from such reference position was obtained with a lateral
precision of 0.55 nm using a 125 nm gold nanosphere as the
scatterer. This approach provides a higher precision than
recent experimental centroid-based methods11,12 and access to
a reference position that is independent of the exact position of
the imaging system. In addition, the versatility of the method
makes it suitable for a large variety of structures along with
virtually no constraints on the wavelength away form
resonances. The presence of strong resonances can impact
this method in different ways by either increasing or
completely preventing cross-polarized scattering in the case
of antidual and dual particle, respectively.20,21 For subwave-
length objects such as nanorods, resonances can also present a
very strong spatial asymmetry that will impact the cylindrical
symmetry of the system and consequently the precision of this
method. An interesting future direction for nanoparticles
presenting a complex shape could be to combine our method
with shape characterization.22 With the recent progress in
super-resolution microscopy23 imposing growing constraints
on the stabilization of the sample, our approach would offer a
robust reference position compatible with nanometer-scale
resolutions, and minimal modifications to current super-
resolution systems. In addition, for footprint sensitive
applications such as industrial fabrication processes, the
reference structure can be deeply subwavelength. By
combining simple optical elements and subnanometer
precision, we believe our method could be easily applied in a
wide range of applications both in an industrial and a research
context.
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