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Optical monitoring of object position and alignment with nanoscale precision is critical for ultra-
precision measurement applications, such as micro/nano-fabrication, weak force sensing, and micro-
scopic imaging. Traditional optical nanometry methods often rely on precision nanostructure fabrication,
multi-beam interferometry, or complex post-processing algorithms, which can limit their practical use. In
this study, we introduced a simplified and robust quantum measurement technique with an achievable
resolution of 2.2 pm and an experimental demonstration of 1 nm resolution, distinguishing it from con-
ventional interferometry, which depended on multiple reference beams. We designed a metasurface sub-
strate with a mode-conversion function, in which an incident Gaussian beam is converted into higher-
order transverse electromagnetic mode (TEM) modes. A theoretical analysis, including calculations of
the Fisher information, demonstrated that the accuracy was maintained for nanoscale displacements.
In conclusion, the study findings provide a new approach for precise alignment and metrology of

Quantum metrology

nanofabrication and other advanced applications.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Optical methods for precisely measuring small displacements
are critical for various applications, including nanofabrication,
nanomonitoring, weak force sensing, microscopy, and micro/
nano-fabrication [1]. High-quality displacement sensors, such as
membrane-in-the-middle optomechanical cavities and macro-
scopic interferometers, have enabled significant achievements,
including the observation of motional quantum ground states,
gravitational waves, and single phonons [2-7]. Early displacement
measurements relied on mechanical tools, such as calipers and
micrometers, which lacked the precision required for micron- or
nanometer-scale measurements. Optical displacement measure-
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ment technology has since become the cornerstone of precision
measurements [8,9]. Advanced techniques, such as back-action-
evading measurements [10], variational read-out [11],
polarization-encoded metasurfaces [12,13], linear photonic gears
[14], and squeezed light injection [15,16], have been developed.
Interferometers and grating displacement measurement systems
[17] are widely used, with the latter utilizing the diffraction prin-
ciple of gratings to measure displacement. However, long-range
measurements necessitate the fabrication of nanostructures on
large scales up to meters, which can be costly. Interferometers
offer high resolution down to the nanometer level, but they can
be affected by accumulated errors owing to noise from media tur-
bulence during long-range and long-duration measurements.
Achieving nanoscale resolution for long-range measurements is
challenging, particularly when simple optical architectures,
robustness, cost-effectiveness, and ease of integration are required
for the nanofabrication processes. The diffraction limit, described
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by the Rayleigh’s criterion [18], poses a fundamental challenge for
many optical systems. The particle nature of the photons intro-
duces randomness into the detection of precise locations. To
account for noise in the resolution, the theory of statistical infer-
ence provides a useful framework. Tsang et al. [19,20] proposed a
groundbreaking technique based on the quantum theory of super
resolution, which could estimate the separation of two incoherent
optical point sources by defying Rayleigh’s criterion. This method
has been widely explored for super-resolution microscopy and
telescope imaging [21-43].

In this study, we extended the two-source quantum imaging the-
ory to accurately measure the displacements of a single optical
beam. In the context of quantum optics, quantum metrology, and
statistical analysis, we experimentally demonstrated measurements
with a precision of approximately 1/290 000 of the diffraction limit
(calculated as the measurement accuracy divided by the size of the
zero-order airy disk at the focus). Our experimental setup involved
designing a mode-conversion pattern and fabricating a correspond-
ing metasurface [40,42,44] substrate; this metasurface, mounted
on a one-dimensional displacement nanostage, allowed transverse
displacements. A Gaussian beam incident on the metasurface was
converted into higher-order transverse electromagnetic mode
(TEM) modes, which were detected using optical sensors. By analyz-
ing the displacement within an extended quantum framework and
calculating the Fisher information for nanoscale displacements, we
found that the ability to detect the position of the metasurface
remained accurate even below the diffraction limit. In practice, by
detecting the intensity of the separated TEM modes, we could mea-
sure the displacement of the metasurface with a precision of 1 nm,
which was not the theory limit but constrained only by the limita-
tions of the nanostage. This approach is versatile because a mode-
conversion pattern can be fabricated on any type of surface. Further,
we proposed two additional setups: an integrated on-chip displace-
ment sensor for 1 nm resolution measurements across various
substrates and a multi-dimensional feedback system with
sub-nanometer alignment accuracy for processes at 7 nm and below
in advanced integrated circuit manufacturing.

2. Methods
2.1. Fabrication

Several approaches exist for fabricating metasurfaces [45-55].
The fabrication method employed in this study was a recently pro-
posed technique that emphasized high robustness by creating
meta-atoms within a transparent substrate. A detailed description
of the fabrication process, along with its advantages and limita-
tions, can be found in Ref. [56]. The metasurface utilized laser-
induced birefringence nanopores within silica glass, with an aver-
age nanopore diameter ranging from 35 to 45 nm. This metasur-
face operated based on geometric phase modulation, enabling us
to tune the phase shift from 0 to 2n by adjusting the incident light
polarization. Sections S1 and S2 in Appendix A present the results
of the laser source stability tests and the raw data from the exper-
imental measurements, respectively. An optical image of the meta-
surface and an SEM image of the nanopores is provided in
Section S3 in Appendix A. Sections S4 and S5 in Appendix A present
a list of the experimental equipment, and a comparison of the
parameters between previous excellent measurement methods
and our proposed approach, respectively.

2.2. Principle of measurement and theoretical simulation

Figs. 1(a) and (b) present schematics of the proposed
metasurface-based optical mode conversion configuration. In this
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setup, the mode conversion is facilitated by a specially designed
metasurface that imparts a 7 phase shift to half of the incident
beam. On the spatial plane of the metasurface, the amplitude
distribution of the light wave can be represented as a Hermite-
Gaussian mode, corresponding to the TEMOO mode as the initial
signal. The complex amplitude (u,,,) of the incident light is given
by Eq. (1) [57]:

—(2+y%)

Umn ~ CnHpm (x)Hp (v)e (1)
where m and n denote the number of modes in the x and y direc-
tions, respectively, and G, is the constant associated with m and
n, which is 1. x and y denote the spatial coordinates corresponding
to physical positions in real space. Hp(x) and H,,(y) are Ermitian
polynomials, which can be expressed as
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Therefore, the fundamental mode TEM0O complex amplitude ugg
can be simplified as follows:

—2+y?)
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(4)

As previously mentioned, a m phase shift is essential for the
desired mode conversion. This can be achieved by fabricating a
metasurface using liquid crystal polymer films [58,59] with differ-
ent fast axis orientations and dividing the entire metasurface into
two regions where the fast axes are perpendicular to each other. By
adjusting the relative positions of the metasurface and incoming
light beams, the proportion of power entering the 0- and m-phase
regions can be precisely controlled. The metasurface was mounted
on a displacement stage with a resolution of 1 nm to allow for fine
adjustments. According to the Fresnel diffraction principle, the
transmitted complex amplitude t(xq, yo) of the diffraction screen
>~ can be expressed as
£(X0,Yp) = A(Xo, yo)&? oY) (5)
where (xo, ¥o) denotes the spatial coordinates on the diffraction
screen, A(Xo, Yo) denotes the amplitude equal to 1, and ¢(Xq, yo)
denotes the phase (half of which is 0, and half of which is 1), which
is seprated by 0 to © phase-shifted line (PSL). j denotes the imagi-
nary unit. We define u(xo, yo) as the complex amplitude of the light
field on the diffractive surface ¢, and u(xo, yo) as the complex ampli-
tude of the r-points on the observation surface.

U(Xo,Yo) = Uoo X t(Xo,¥o) (6)

Fig. 1(b) illustrates the diffraction process of the incident beam
through the metasurface, resulting in the optical field p observed
on the detection screen, as described by the Fresnel diffraction
integral in Eq. (7):

jkd

~jd
where / is the wavelength of the incident light, k = 27t// is the wave
number, and d is the distance from the diffracting surface to the
viewing surface. Eq. (7) can be rewritten as

u(x,y)

(7)

e]kd J
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(8)
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Fig. 1. Metasurface-based quantum displacement measurement. (a) Working principle of metasurface displacement measurement can be understood as the detection of the
power of different modes of the converted light. The incident irradiated on the metasurface and converted into different modes. When the metasurface is shifted, the power of
these converted modes changes. The displacement can be characterized by detecting and comparing the power of the corresponding modes. (b) Schematic of diffraction and
coordinates after incident light passing through the metasurface. Y is the diffraction screen, and p is the detected spot on the observation plane. (c) Simulation of primary
mode output power vs the displacement. (d) Calculated quantum Fisher information of the system.

From Eq. (8), the complex amplitude of the light field on the
observation screen is considered as the Fourier transform of the
complex amplitude of the light field after passing through the
diffraction screen. Fig. 1(c) shows the simulation results based on
this theory. The intensity distribution of the laser mode conversion
was modeled using a simplified mathematical approach, where the
mode conversion efficiency was assumed to follow a Gaussian dis-
tribution, representing a scenario in which a single-mode fiber was
used as the receiver. In this model, the coupling efficiency # is
determined by the overlap integral between ug and the fiber’s
transmission mode, which closely approximates a Gaussian profile.
As shown in Eq. (9):

oo x ux y)dxdy|®
ff|u00\2dxdy X ﬂ\u(x,y)|2dxdy

n )

According to optical theory, an ideal parallel light beam or
spherical wave should be focused on a diffraction-limited point
after passing through an ideal optical lens. However, because of
various aberrations, the actual size of the focus depends on several
parameters, including the wavelength, focal length, and diameter
of the optical beam. This focus size limitation poses a bottleneck
in the resolution of optical detection. In the early 1960s, Helstrom
summarized and generalized the theory of quantum detection. In
recent years, many scientists have applied quantum theory to
address imaging challenges, with Fisher information [60,61] as a
key tool in these studies. In this section, we analyze the measure-
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ment accuracy limit using quantum Fisher information. As shown
in Fig. 1(c), the light intensity on the receiving screen is continu-
ously distributed, allowing us to calculate the Fisher information
for the system using Eq. (10), where 0 represents the displacement
of the metasurface:

o1 fou\?
Fp= — ==
= [ oa(G)
where u represents the optical intensity collected by the fiber,
which varies as a function of the displacement of the metasurface.
According to Eq. (9), only the TEMOO mode light can be coupled
to the single mode fiber. Therefore, we denote the probability of

receiving the TEMOO mode as g, the probability of non-TEMOO
modes as (1 — q), and the corresponding Fisher information as

2 2
po_l(0a\' 1 [0 -q
q \o0 1-¢q 00

Fig. 1(d) illustrates the Fisher information profile of our system. The
results show that even if the displacement of the metasurface is below
the diffraction limit, the quantum Fisher information of the system
does not change with displacement, which indicates that the accuracy
of the measurement is consistent in the sub-diffraction region.

(10)

(11)

2.3. Experimental setup and process of displacement measurement

As shown in Fig. 2(a), an experimental system was constructed
to demonstrate high-precision displacement measurements in the
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horizontal direction. The collimated linearly polarized light output
from the fiber laser was split into two beams of equal power using
a beam splitter with two diaphragms to ensure that the beams
were aligned at the same height. To measure laser power, one
beam was passed through a linear polarizer and directly detected
using a power meter. The metasurface, designed based on the
Pancharatnam-Berry (PB) phase, required the incident light to be
left circularly polarized. Therefore, the other beam was directed
through a linear polarizer and a //4 wave plate after the beam
splitter. To record the initial power incident on the metasurface,
the beam was further split using another beam splitter and
detected using a power meter. To enhance measurement accuracy,
the left circularly polarized beam was focused onto the metasur-
face using a lens with a focal length of 250 mm. The metasurface
was mounted on a high-precision motorized displacement stage
(Sigma SHRC-203, SIGMAKOKI, Japan) capable of generating trans-
verse displacements with a 1 nm resolution, controlled by a com-
puter. The light converted by the metasurface was collimated
through another 250 mm lens and coupled into a single-mode fiber
using a collimator. The optical fiber was connected to a power
meter to measure the laser power of the base mode at different
metasurface displacements. Fig. 2(b) presents several sets of exper-
imental data that reproduce the distribution pattern of the fitted
curve shown in Fig. 1(c), as described by Eq. (10).

During the measurements, we first identified the boundary
between the 0- and n-phase regions by scanning horizontally from
the edge of the metasurface. The boundary was located by detect-
ing the minimum point of the light power. Subsequently, we col-
lected several sets of data and observed that the slope of the
curve reached its maximum when the power decreased to approx-
imately half of the incident power. This point corresponded to the
highest resolution of the displacement measurement.

3. Long ranges and 1 nm resolution displacement measurement
results

We quantified the measurement results for different small dis-
placements to characterize the resolution of the system. As shown
in Fig. 3(a), the metasurface performance was measured at various
step sizes. The horizontal black lines in Fig. 3(a) indicate the move-
ments of the metasurface at the piezoelectric level with step sizes
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of 5 and 2 nm. The experimental data clearly demonstrate that the
2 nm steps are easily distinguishable. To further highlight the mea-
surement capabilities of the proposed system, we conducted mul-
tiple repetitions of 1 nm displacements in the most sensitive
region of the setup and analyzed the power difference before and
after each displacement. This approach allowed us to precisely
measure smaller displacement steps. Fig. 3(b) presents histograms
of the power distribution at four different locations. For each his-
togram, 450 measurement points were collected to compute the
average, and the histograms were fitted using a Gaussian function.
Each horizontal black line represents the average detected optical
power following a 1 nm horizontal shift.

The experimental data demonstrated that the 1 nm displace-
ment was clearly and consistently resolved. The overall system
error measurements are provided in the Appendix A. Notably, the
1 nm is not the limiting accuracy of the system; an even higher
measurement precision can be achieved with a more stable experi-
mental setup, higher-precision detector, and lock-in amplifier to
minimize ambient noise.

We further investigated the factors affecting the accuracy of the
displacement measurements and demonstrated their capability for
high-precision, large-range displacements across a wide area of the
metasurface. Because the detection accuracy depended on the
maximum slope of the power curve, achieving cross-scale high-
precision displacement measurements over an extended range
was possible. We analyzed the effects of the spot size and rotation
angle on the displacement accuracy. Fig. 4(a) shows the overall
power conversion results of the system for different displacement
segments, sampled across full ranges of 235 and 2030 pm, respec-
tively. We observed that when half of the incident beam fell within
the 0-phase region of the metasurface and the other half within the
m-phase region, the energy did not attenuate to zero as predicted
by the theoretical simulation in Fig. 1(c). This deviation was attrib-
uted to fabrication imperfections in the metasurface, which
resulted in a conversion efficiency of less than 100%. Importantly,
the size of the metasurface is a critical limiting factor for these
measurements; the metasurface must completely cover the focal
spot. Fig. 4(b) presents the measurement results for 1 and 10 nm
displacements obtained in the most sensitive regions of the system
at the 235 and 2030 pm ranges. The data indicate that the
measurement accuracy increases as the spot size decreases, and
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Fig. 3. (a) Results of metasurface at different displacement steps of 5 nm (left) and 2 nm (right). (b) Results at 1 nm displacement. The motion can be well resolved.

smaller spot sizes result in more concentrated power and higher
conversion efficiency for the same step scan.

In addition, we analyzed the effect of the angle on the measure-
ment system. To ensure optimal spot incidence on the metasurface
and improve optical mode conversion efficiency, the metasurface
was mounted on a rotating stage. Figs. 4(c) and (d) show the results
at 79¢ (relative to the center of rotation) and 78°40’, respectively.
At 79°, where the spot is optimally incident, the metasurface
sweeps perpendicularly across the center of the spot, converting
most of the TEMOO mode to the TEM10 mode, with the power
reaching a minimum. As a comparison, after rotating the stage by
20 arcmin (approximately 1/4 of the minimum precision of the
mechanical rotary stage) and returning the piezoelectric displace-
ment stage to its initial position, the incident power increased by a
factor of 110 compared to the 79° position. This significant increase
indicated poor conversion because the power that should have
bottomed out remained high.

4. Discussion

Here, we discuss possible layouts for various applications, as
illustrated in Fig. 5. Ultra-precision measurement technology
remains essential for numerous scientific endeavors, including
laser micro/nano-processing, lithography positioning, and inter-
stellar exploration. The pursuit of increasingly accurate measure-
ments of physical quantities has become a central objective in
modern science and technology. For instance, in chip fabrication,
extreme ultraviolet (EUV) lithography is a fundamental technology
that advances semiconductor manufacturing toward smaller
nodes, such as 5 and 3 nm. Precision displacement measurements
play a critical role in ensuring accurate alignment, optical stability,
and wafer stage positioning. High-precision interferometric tech-
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niques are widely employed to monitor and correct motion in real
time, effectively minimizing overlay errors and enhancing wafer
stage positioning accuracy. In comparison with conventional laser
interferometry, our method offers easier integration and a simpler
operating principle while achieving picometer-level resolution.
The proposed metasurface-mode decomposition displacement
measurement system is employed for real-time monitoring of the
wafer stage position. Our future work will focus on extending this
approach to large-range measurements with six degrees of free-
dom. Moreover, this effectively eliminates the accumulation of
errors inherent in interferometric measurements and offers a more
cost-efficient solution, as illustrated in Fig. 5(b).

Precision measurements also play a critical role in laser beam
metrology. Fluctuations in laser beam pointing can have detrimen-
tal effects in many high-precision optical applications such as
super-resolution imaging microscopy, nanolithography, and opti-
cal tweezers. Over long propagation paths, the pointing of the laser
beam fluctuates owing to nonlinear effects such as thermal expan-
sion, mechanical vibration, and spatiotemporal inhomogeneities.
These fluctuations are classified as positional (x, y) or angular
(0, @) beam deviations. Researchers commonly use position-
sensitive and four-quadrant detectors to monitor changes in the
positions and orientations of laser beams. As shown in Fig. 5(b),
the proposed scheme is simple, robust, and easy to integrate, mak-
ing it highly suitable for these applications. These sensors can
accurately detect small changes in the beam position, enabling
real-time feedback control to maintain beam stability.

In this study, we used a detector with a minimum measurement
power of 20 pW and a slope of Kimax = 91.8 W-m™' at the most sen-
sitive point of the system when focusing with a 25 cm lens; accord-
ing to Eq. (12), we calculated the detection sensitivity of the
achievable resolution to be 2.18 pm. Our measurement scheme
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Fig. 4. (a) Output power of metasurface at different displacement ranges of 235 pum and 2030 pm. The slope indicating the measurement accuracy is improved by 10 times. kg
denotes the point of maximum slope on the curve, which defines the region of peak sensitivity. (b) Measurement results at the position corresponding to maximum slope,
indicating the best displacement measurement resolution. (c, d) Results of displacement measurements corresponding to different incident angles.

achieved nanoscale precision for spots of arbitrary size. In the
future, we will focus on applying this technology to practical appli-
cations and further enhancing its accuracy.

Pmin

Kmax

where P, denotes the detection accuracy of the sensor.

Achievable limit = (12)

5. Conclusion

In this study, we have demonstrated a novel quantum metrology
approach utilizing metasurface-enabled mode conversion to achieve
sub-diffraction-limit displacement measurements. By employing a
metasurface designed to convert an incident Gaussian beam into
higher-order TEM modes, we successfully implemented a high-
precision displacement sensing technique with an experimental res-
olution reaching 1 nm. The theoretical analysis, supported by Fisher
information calculations, confirmed that the measurement accuracy
remains stable even below the diffraction limit.

Compared to traditional optical interferometry and grating-
based displacement sensors, our method offers distinct advan-
tages, including simplified optical architecture, high robustness,
and cost-effective integration. The ability to achieve picometer-
level sensitivity without relying on complex multi-beam interfer-
ence or large-scale nanostructure fabrication makes this approach
particularly attractive for applications in precision metrology,
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semiconductor lithography, and high-resolution microscopy. Fur-
thermore, our results suggest that with optimized experimental
configurations, including enhanced detection sensitivity and
reduced environmental noise, even higher measurement resolu-
tions can be attained.

Future work will focus on expanding this technique to large-
range, multi-degree-of-freedom displacement measurements and
integrating it into practical applications such as real-time wafer
stage monitoring in EUV lithography. Additionally, incorporating
advanced quantum measurement strategies, such as squeezed
light injection and quantum-enhanced signal processing, could fur-
ther push the limits of measurement accuracy. The proposed
metasurface-based quantum metrology scheme not only provides
a valuable tool for ultra-precision displacement sensing but also
paves the way for broader advancements in quantum-enhanced
optical measurement technologies.
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