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Ultrasensitive and long-range transverse displacement
metrology with polarization-encoded metasurface

Haofeng Zang't, Zheng Xi'*t, Zhiyu Zhang't, Yonghua Lu"?*, Pei Wang'?*

A long-range, high-precision, and compact transverse displacement metrology method is of crucial importance in
many research areas. Recent schemes using optical antennas are limited in efficiency and the range of measurement

due to the small size of the antenna. Here, we demonstrated the first prototype polarization-encoded metasurface
for ultrasensitive long-range transverse displacement metrology. The transverse displacement of the metasurface
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is encoded into the polarization direction of the outgoing light via the Pancharatnam-Berry phase, which can be
read out directly according to the Malus law. We experimentally demonstrate nanometer displacement resolution
with the uncertainty on the order of 100 picometers for a large measurement range of 200 micrometers with the
total area of the metasurface being within 900 micrometers by 900 micrometers. The measurement range can be
extended further using a larger metasurface. Our work opens new avenues of applying metasurfaces in the field of

ultrasensitive optical transverse displacement metrology.

INTRODUCTION

Precise measurement of small displacements using optical meth-
ods is the main driving force behind many research areas such
as gravitational wave detection (1), super-resolution microscopy
(2), and semiconductor industry (3, 4). Tremendous efforts have
been made to continuously push the limits of optical displace-
ment metrology: The most prominent example being the use of
the large-scale optical interferometer with ultrahigh power (I)
and with engineered quantum states of light whose noise can be
suppressed below the classical limit (5). However, most interfero-
meters such as Michelson/Mach-Zehnder setups are designed to
measure the longitudinal displacement (the displacement direction
is along the beam path) and are insensitive to the transverse dis-
placement (the displacement direction is perpendicular to the beam
path). Besides, the interferometer system is affected by the slight
air disturbance in the measurement environment and the mechan-
ical vibration of the instrument, which requires high environmental
stability.

Recently, there is a growing interest in the field of nanopho-
tonics to develop novel compact devices other than large-scale
interferometers for transverse position sensing (6-12), which is
especially important for applications in semiconductor industry
and super-resolution microscopy where the room for placing the
displacement sensor is rather limited. For instance, using the highly
position-dependent directional scattering from an optical antenna
placed inside a spatially tailored focused field, a localization preci-
sion on the order of subangstrom has been demonstrated (8, 11).
However, because the incident field is a highly focused field, this
method suffers from the problem of a small measurement range,
typically within hundreds of nanometers. The measurement
range can be extended by considering periodically modulated
structured light formed by two-wave interference (7, 9), but
the low scattering efficiency from the antenna puts a limit on the
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performance of such an approach. Recently, a long-range scheme
was demonstrated using liquid crystal plates (12), but nanometer
displacement sensitivity is hardly achieved because of the large
pitch size (50 pm) of the liquid crystal sample. Further pitch re-
duction is challenging for liquid crystal fabrication. Moreover,
the optical property of liquid crystal depends strongly on the envi-
ronmental temperature, making it less suitable for stable and
high precision metrology applications. Another approach using
superoscillatory field has been demonstrated for ultrasensitive
transverse metrology (13). This method relies on using the very
large local wave number called superoscillations around the phase
singularities to achieve nanoscale precision. However, it requires
complicated postprocessing and phase reconstruction algorithms.
In general, a metrology method with a high measurement precision,
a relatively long working range, and a direct readout scheme is
highly desired.

Metasurface has triggered a broad interest in the area of imaging
(14-17), encryption (18, 19), holography (20, 21), and display
(22, 23) because of its ability to shape and control the wavefront
with subwavelength unit cell. In contrast to the liquid crystal de-
vices, the fabrication of the metasurface is highly compatible with
the semiconductor lithography process, and a much smaller pitch
size can be easily fabricated. In this work, we put forward a
previously unknown approach for transverse displacement metrology
using a polarization-encoded metasurface. When a linearly polar-
ized light is displaced transversely with respect to this metasurface, its
polarization direction is rotated because of different Pancharatnam-
Berry (PB) phases (24-26) acquired by different circular polariza-
tion components. The amount of polarization rotation varies linearly
over a large range as a function of the transverse displacement.
By adding an analyzer at the output, the transverse displacement
information can be read out directly via the Malus law. Experimen-
tally, we have demonstrated nanometer displacement resolution with
an uncertainty on the order of 100 pm. We note that this value is
largely due to the environmental noise in the laboratory and should
not be considered as the lower limit on the metasurface’s perform-
ance. Our work paves the way for the ultrasensitive, long-range,
and easy readout scheme for transverse position metrology using
metasurfaces.
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RESULTS
Theoretical concept
We first consider two longitudinally cascaded PB metasurfaces along
the z axis, which we refer to as the transmission-type (T-type) mea-
surement scheme. Each metasurface is made of many subwavelength
optical antennas with spatially varying optical axis 6(x) along the
x direction. Relying on the PB phase, the building block of each
metasurface performs the maximum conversion between circular
polarizations of different handedness with an additional phase factor
¢ a5 the half-wave plate condition is satisfied (fig. S1) (24, 27, 28).
When two of these metasurfaces are cascaded along the z axis, each
with a locally varying optical axis profile 6, (x) and 6,(x), the underlylng
polarization conversion process is described by LCP — RCPe*1™) —
LCPe —2i0 (x) 216 (x) and RCP — LCPe—ZlO (x) N RCPeZle (x) 219 (x)
where LCP and RCP denote the left and right circular polanzatlons
respectlvely If we then consider a linearly x-polarized input light
Ein = [1,0]” propagating along the z axis with these two metasur-
faces lying in the XY plane, there are different phase delays for the
two circularly polarized components. As a result, the polarization of
light after these two metasurfaces is rotated and can be written as
Erans = [€052(85(x) - 01 (x)), sin2(8,(x) — 8, (x))] " (1)

Itis alocally varying linearly polarized field with the polarization
direction depending on the spatial coordinate x.

Of particular interest is the case when 6,(x) is a displaced copy of
0:(x) and 0;(x) is a linear function of x; i.e., 0,(x) = 6;(x + 6x) and
0,(x) = ax with a being a constant. Under these conditions, the
transmitted field in Eq. 1 is simply given by

de,

do, .
[cos<2W8x>, sm<2 I

[cos(2adx), sin(2adx)] ©

E trans

o )| '

= 2
Comparing this field with Eq. 1, it is clear that, for this particular
case, the dependence on the spatial coordinate x is removed. Instead,
the polarization direction of the outgoing light field is homogenous
over x and is solely determined by the amount of displacement x.
For different amounts of displacement 8x, the polarization direction
rotates periodically at a period of n/a. Thus, the two metasurfaces
together serve as an optical encoder, which encodes the relative dis-
placement information 8x into the polarization direction of the out-
going light. By inserting an analyzer at the output, the displacement
information can be readout directly according to the Malus law.
Equivalently, these two metasurfaces together with the polarizer
and the analyzer can be viewed as a locally varying polarizer and a
locally varying analyzer as shown in Fig. 1A. When the incident light
passes through the first metasurface, it becomes a locally varying
linearly polarized field, and the local polarization direction is shown
in the top left row in Fig. 1A. The second metasurface together with
the analyzer shown in Fig. 1A serves as a locally varying linear ana-
lyzer that analyzes the local polarization direction of the field after
metasurface 1. All the local polarization directions can be synchro-
nously rotated by shifting only the metasurface along the x axis.
When the two metasurfaces are perfectly aligned, the directions of
the local polarizer and local analyzer match perfectly. Thus, all the
light is transmitted as shown in the first row of Fig. 1B. As the two
metasurfaces are displaced horizontally with respect to each other
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Fig. 1. Displacement sensing with PB metasurface in transmissive and reflective
sensor can be understood as the polarization match between the locally varying polar
(B) When the two metasurfaces are displaced with respect to each other, the outpu
(R-type) measurement scheme in which one measures the relative displacement of th

Displacement dx

configuration. (A) The working principle of the T-type metasurface displacement
izer and the locally varying analyzer. The arrows indicate the polarization direction.
t power changes periodically according to the Malus law. (C) The reflection-type
e metasurface with its image, which can be unfolded into the T-type. Note that the

R-type scheme has doubled the sensitivity of the measurement. (D) Output power as a function of displacement for the R-type measurement scheme. Note that the

sensitivity is doubled.
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as shown in the second and third rows of Fig. 1B, the direction of
the local polarizer and analyzer begin to mismatch gradually. As a
result, the total output power decreases and goes to zero when the
local directions of the two become orthogonally to each other, which
is shown in the last row of Fig. 1B. The relative displacement can be
read out directly by measuring the output power from the two ele-
ments according to the Malus law. For the conventional Malus law,
it is used to describe the output power due to relative rotation be-
tween the polarizer and the analyzer with no information regarding
to the relative displacement between the two. Here, by incorporat-
ing the PB metasurface design to create the locally varying polarizer
and analyzer, we are able to extend the Malus law to readout the
relative displacement.

We implement the above idea using a scheme shown in the left
column of Fig. 1C. Instead of considering the displacement of two
cascaded metasurfaces (T-type as shown in Fig. 1A), we use only
one metasurface and a mirror and measure the displacement of
one single metasurface relative to its own image [reflection-type
(R-type) as shown in the left column of Fig. 1C]. This configuration
offers additional benefits over the one shown in Fig. 1A: First,
because the PB metasurface induces linear phase ramp of different
signs to LCP/RCP, the output beams of LCP/RCP from the first
metasurface in the T-type configuration are steered into different
directions (fig. S2). As a consequence, the two metasurfaces should
be placed very close to each other, which limit the practical applica-
tions (fig. S3). Second, the T-type scheme requires the two metasur-
faces to be exactly the same, which is experimentally challenging.
However, in the R-type configuration shown in the left column of
Fig. 1C, the second metasurface is replaced by the image of the first
metasurface (shaped one), and the “two” metasurfaces are the same
and thus are free from the errors induced by the mismatch between
the two metasurfaces. Third, the sensitivity of displacement mea-
surement for the R-type scheme is doubled. To see this point in
more detail, we consider unfolding the R-type configuration into a

A
Laser

Power meter 2
\ ~—Analyzer 2

v

Beam spht

4f T-type configuration shown in the right column of Fig. 1C. As
stated above, the R-type configuration measures the displacement of
the metasurface’s image (shaded gray) with respect to itself (orange).
As the object moves leftwards (+8x), the image moves rightwards
(—6x). The relative displacement in this configuration is actually
28x, which is two times larger than the T-type case where only one
of the metasurface is moving. As a result, if we now put an analyzer
at the output, then the pitch of the measurement curve is half of the
T-type as shown in Fig. 1D, and thus, the sensitivity is doubled.

Experiment

We design the optical properties of the Si optical antenna using
finite-difference time-domain simulation (fig. S1). Each metasurface
consists of these Si optical antennas with spatially varying optical
axis sitting on a glass substrate. We fabricate three different meta-
surface samples using electron beam lithography (fig. S4) with pitch
A ranging from 3 to 4.5 to 6 um, and the conversion efficiencies
of all the metasurface samples are high enough for the metrology
applications.

Figure 2A shows a schematic illustration of our measurement
setup. The inset on the bottom left of Fig. 2A shows the scanning
electron microscopy (SEM) image of the sample with pitch A = 3 um
(fig. S5 for SEM images of other pitches). The stabilized light from
the laser source gets linearly polarized after passing through the po-
larizer with very small power fluctuation (Fig. S6). A piezo stage is
used to control the transverse displacement dx of the metasurface
with respect to the center of the incident beam. After the PB meta-
surface, the incident linearly polarized light splits into two beams of
LCP and RCP light of equal intensity, which carry different PB
phases %210 = ¢*12a%x where a = 1/A. Because circular polarization
reverses its handedness after reflection, a quarter-wave plate is
inserted behind the lens to maintain the polarization handedness
before and after the reflection from the mirror. The spatial filter is
used to block the unmodulated background light that is directly
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Fig. 2. Experimental realization of the PB metasurface displacement sensor. (A) Schematic illustration of the measurement setup. Inset: A SEM image of the sample
with pitch A =3 um. The red arrows indicate the orientation of major axes of optical antenna. Scale bar, 1 um. (B) Output power as at different metasurface locations for
samples with pitches A = 3, 4.5, and 6 um. It can be seen that the short pitch gives a higher slope and thus a higher sensitivity. (C) Linear regions of three curves in (B).
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transmitted through the metasurface. After the reflected light passes
through the metasurface again, the LCP and RCP components
acquire an additional PB phase of ¢"2*** 5o that the overall phase dif-
ference is 8adx, and because the metasurface recombines the LCP
and RCP component, the outgoing light is again linearly polarized
but with the polarization direction rotated by 4adx. We use an ana-
lyzer and a power meter to read out this polarization rotation and
thus the displacement dx. The additional power meter in arm 2 in
Fig. 2A is used to detect the signal that is phase-shifted. This allows
us to cover the full measurement cycle in a linear way as will be
shown in the following discussions on the measurement range of
the metasurface.

During the measurement, we first align the metasurface to the
center of the optical axis. The metasurface is then scanned along the
x direction with a step size of 5, 10, and 20 nm (fig. S7). For each
position, we use a power meter to measure the output power within
1 s at the sampling frequency of 500 Hz. The averaged power as a
function of position x is plotted in Fig. 2B. For each curve, the max-
imum power is normalized for better visualization. Here, we only
show the measured results for the step size of 20 nm to demonstrate
the large measurement range of our device.

The output power in Fig. 2B follows a sinusoidal pattern as pre-
dicted by the theoretical model, which can be fitted well by

P(dx) = P0c052<4xn8x> (3)

where P is the maximum output power from the metasurface and
is normalized to 1. To quantify the sensitivity of our metasurface,
we define the sensitivity as the absolute value of the slope of the
curve, s(dx) = |;T};|: 4X"|sin(8xn8x) | It reaches the maximum value
of Spax = X" atpositions dx = fgm,m = 1,3,5... We thus focus on
these linear regions around which the sensitivity is the maximum as
shown in Fig. 2C. The measured sensitivity k of the three samples
are keum = 1.97 um’], kasum = 2.55 um’], and k3m = 3.98 um’l,
respectively, which agrees well with the best theoretical sensitivit
given by sgum = 2.09 um_l, S45um = 2.79 um_l, and s3m =4.19 pm™".
The measured sensitivity is slightly lower than the theoretical one,
because the theoretical value is taken at the point of the maximum
sensitivity, whereas the measured sensitivity is averaged over the
linear region. As expected, smaller pitch gives a high slope and thus
a higher sensitivity to displacement. The demonstrated sensitivity is
more than one order of magnitude higher than the previous case
using liquid crystals (12) because of the notable decrease in the
pitch size via metasurface design over the liquid crystal case. In the
following discussions, we focus on the 3-um pitch sample, as it pro-
vides the largest sensitivity.

Measurement resolution and precision

We quantify the measurement resolution and the precision of our
measurement scheme. In Fig. 3A, we show the measurement results
from the 3-pum sample at different measurement steps. Each red dot
in Fig. 3A corresponds to the obtained normalized power from
one measurement, and the horizontal black line indicates the move-
ment of the piezo stage at the steps of 20, 10, and 5 nm in the three
plots, respectively. It can be seen that a 10-nm step is clearly resolv-
able from the experimental data. However, for the step size of 5 nm,
the obtained power fluctuation due to the intrinsic instability of the
piezo stage approaches to the power difference arisen from the
one-step movement.
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Fig. 3. Resolution and precision of the PB metasurface displacement sensor.
(A) Deterministic measurement results from the 3-um sample at different measure-
ment steps of 20 nm (left), 10 nm (center), and 5 nm (right). (B) Statistics of the
measurement power at different positions from the indeterministic measurement.
The two positions are well resolved (top), just resolved (middle), and less resolved
(bottom).

To solve this issue and quantify the best resolution for our PB
metasurface measurement scheme, we repeatedly measure the dis-
placement within the same linear region and look at the power dif-
ference from the two measurements. This measurement scheme
provides us with a series of measurement outcomes. By raster scan-
ning our metasurface samples within the linear region, it is possible
that we end up with some positions that are closer than the minimum
uncertainty and we can measure these positions to characterize the
best performance of our metasurfaces. We refer this kind of mea-
surement as the indeterministic measurement, which complements
the above deterministic measurement via moving the piezo stage at
deterministic fixed steps (8). Figure 3B shows the histograms of
the normalized power distributions at three different positions. For
each histogram, we take 500 points from the measurement and use
a Gaussian function to fit the histogram (fig. S8). A relative dis-
placement of 1 nm can be clearly resolved from the two peaks,
which is limited by the width of Gaussian fitting of two measure-
ments. For a displacement down to 3 A, the distinction between the
two positions is less obvious.

The Gaussian fit in Fig. 3B also allows us to infer the measure-
ment precision of our metasurface scheme. The error oy in estimating
the position x can be obtained via the following error propagation
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where 6p; and op; are the SDs of the Gaussian fit with respect to the
power distributions P} and P}, respectively. The superscript N indi-
cates that all of the data points are normalized. o is the SD of the
linear fitting around the measurement’s linear region as shown in
Fig. 2C. Following this formula, we obtained 6, = 0.2, 0.1, and 0.1 nm
for the data shown in Fig. 3B, which is quite remarkable considering
the environmental noise in the laboratory. This value due to envi-
ronmental noise in the laboratory is almost the same for all the
three metasurface samples as shown in the Supplementary Materials.
We note that this value serves only as the upper limit for our mea-
surement imprecision, by reducing the environmental noise using,
for example, lock-in amplifier, a better measurement precision could
be obtained. To corroborate the influence of the environment noise,
we monitor the displacement caused by the environment noise
throughout a whole night in two different days (fig. S10), and the
details of the typical data analysis can be found in table S1. It can be
seen that the system resolution of the same metasurface at different
time has changed notably, which is mainly affected by environmen-
tal noise. The resolution is clearly higher in midnight because the
people’s activities calm down.

Measurement range
We demonstrate the ability of our metasurface for long-range dis-
placement sensing. As can be seen from the above measurement

results in Fig. 2B, there are regions where the measured power curve
is quite flat, and these positions correspond to the “peaks and valleys”
of the sinusoidal pattern. Around these regions, the sensitivity is
almost zero, and we refer to these regions as the “dead regions” of
our displacement sensor. For a long-range measurement, these dead
regions should be avoided. To solve this issue, we add another power
meter at the output and record the power in this arm (arm 2 in
Fig. 2A) by rotating the analyzer by 45°. This corresponds to effec-
tively shifting the measured signal in the original arm (arm 1 in
Fig. 2A) such that the original peaks and valleys become the posi-
tions of the largest slope in the shifted component as shown in
Fig. 4A. By cascading the linear regions of these two signals (fig. S9),
we are able to extend the region of linearity to the full measurement
range as shown in Fig. 4B. As a demonstration of our metasurface
for long-range measurement, we scan our piezo stage at a step size
of 100 nm at its full measurement range (200 um). Figure 4C shows
the measurement results for different displacement segments sam-
pled from the full range. It can be seen that our metasurface can
perform a long-range displacement measurement. In addition, note
that the size of the metasurface serves as a limiting factor for the
long-range measurement. For a larger displacement, the overlapping
area between metasurface and its image decreases; thus, the effec-
tive modulation area decreases as well (fig. S3). This effect can also
be observed from Fig. 4C, where the middle sinusoidal curve has the
maximum peak power, which corresponds to the largest overlap. As
the metasurface and its image are displaced, the overlapping area de-
creases, and therefore, the maximum peak power of the two sinusoidal
curves on the left and on the right in Fig. 4C decreases. As an
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Fig. 4. Realization of a long-range linear measurement. (A) Full coverage of the linear regions via detection of the two signals that are phase shifted with each other
at the output as shown in Fig. 2A. Light red/blue area in the background indicates the linear region of the red/blue curve. (B) The linear measurement results covering the
full measurement cycle by stitching the linear regions in (A). The gray dashed line indicates the displacement at the stitching point. (C) Segments from measurement in
which range covers all piezo stage movement range with a 100-nm step. In each segment, the measured data can fit well with the sine curve. The difference in power in
different segments is due to the change in the overlapping area of the metasurface and its image as shown in Fig. 1C.
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estimation of the measurement range of the current metasurface
sample, we set the critical overlapping area as the half of the area of
the metasurface sample (overall size of 900 um by 900 um). This
gives us an estimated measurement range from —450 to 450 um. This
value can be further extended using larger metasurface samples.

DISCUSSION

In summary, we have proposed and demonstrated an ultrasensitive
transverse displacement measurement scheme based on PB meta-
surface. The displacement information is encoded in the polariza-
tion direction of the output light. Using Malus law, the transverse
displacement can be stably read out very precisely within nanometer
resolution with an uncertainty on the order of 100 pm. We argue that
this is largely due to the environment noise in our laboratory. Using
a high-power laser with ultrastable output and advanced measure-
ment schemes such as lock-in amplifier or homodyne detection, the
measurement precision can be pushed further. We note that a higher
sensitivity refers to a larger change in the measured power for a given
displacement, while the measurement precision is mainly deter-
mined by the environmental noise in our setup. A higher sensitivity
can be particularly important when the detector’s power resolution
is moderate. That is, smaller pitch metasurface displacement sensor
can play an important role in the development of low-cost metrology
sensors, because the need for a high-performance detector can be
balanced via higher displacement sensitivity.

Our scheme has a large measurement range on the order of sev-
eral hundreds of micrometers, which can be extended by using a
larger metasurface sample. This value is at least three orders of mag-
nitude larger than the metrology schemes involving optical antennas
(8, 11) whose measurement range is typically on the order of the
wavelength, yet our method achieved similar resolution. Considering
the implementations, the metasurface sample can be easily packed
into a box that can be attached to the side of the measurement target
such as a moving stage. One may extend to in-plane two-dimensional
displacement measurements, as different channels can be poten-
tially used for encoding information about displacements along both
x and y dimensions (29). Our work opens new avenues for using
metasurfaces for transverse displacement sensing and may find
important applications in the areas of semiconductor industry
and super-resolution microscopy where the precise information
of the transverse displacement is a must.

MATERIALS AND METHODS

Design of metasurface

The Jones matrix of the elliptical nanoantenna constituting each
metasurface is given by (27, 30)

J(8)=n1I+ (e | RXL|+e | LXR]) (5)

Here, the kets |R) = (}) and |L) = (_11) denote RCP and LCP,

respectively, and the bras (R | and (L | are their conjugate transpose.
isa 2 by 2 identity matrix. | RXL| and | L)XR| refer to the conversion
between RCP and LCP. The complex coefficientn; = 51( t,e"® + t,e')
indicates the amplitude transmittance of the incident circular polar-
ization, and 1, = il(toe“"" — t,e'%) represents the conversion efficiency
between LCP and RCP, where ¢, and ¢, are amplitude transmittances,
and @, and @, are phase delays for the incidence polarization along
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the o axis and e axis. 0 is the orientation of the optical axis of the
antenna.

To achieve a complete conversion between RCP and LCP, a half-
wave plate condition t, = t, and |, — @, | = © (fig. S1C) is imposed
during the design process. In this case, the Jones matrix can be sim-
plified as

J(8)= e |RXL|+ e | LXR| (6)

For the x-polarized incidence | E;, ) = <(1)> = 2(|Ry + |L)), the
outgoing light field is

| Bow) = J1Ein) = 3™ | R)+ e |1)) @)

It contains two orthogonal polarization components with an op-
posite phase delay, which only depends on the orientation 6. For
0(x) = n$ where A is the period, the different outgoing circular po-
larization components experience difference phase ramp and are
refracted to opposite directions (fig. S2). In addition, Eq. 7 can be
simplified as

_ 1 ief1 -2 1 _ x oo x|
| Eout) = z(e (l,)+e ( 1)) = [cosZnA, sm21:A (8)

which presents a homogenous intensity electric field with spatially
varying polarization (fig. S3C).

In our design, the incident light passes through two same meta-
surfaces with a transverse displacement dx. The outgoing light
field is

| Eow) = JO)JOD| E) = S |Ry+ e |1 (9)

where 0; = nXand 0, = n’%. The above equation also can be

A
simplified to
|Eout> = 5 5 T
[cos2(0, — 01),sin2(0, — 01)]T = [cosZnKx, sinZEXx] (10)

It is obvious that the output light is a homogenous field, and the
polarization is exclusively determined by &x.

Simulation

Optical simulations were performed with finite-difference time-
domain method. The refractive indexes of a-Si and glass substrate
were respectively set as 3.88 + 0.0189i (31) and 1.46 at a wavelength
of 633 nm. To meet the half-wave plate condition at 633 nm, the
height (H), major axis length (D,), and minor axis length (D,) of
the Si nanoantenna are chosen as H = 410 nm, D, = 152 nm, and
D, =104 nm during the simulation. The simulation area was 300 nm
by 300 nm by 1600 nm with periodic boundary along x and y direc-
tions and perfectly matched layer boundary along the z direction.
The plane wave incident light was set within the substrate and more
than /2 away from the antenna along the z axis. The amplitude and
phase of transmitted light were recorded with monitors in the air.
The eligible antenna was selected to be the basic cell of the metasur-
face. For the polarization-encoded metasurface, supercell (A = 3 pm)
containing 10 space-variant nanoantennas along the x axis was
adopted to replace the Si antenna unit above; meanwhile, the simu-
lation area, source, and monitors were enlarged correspondingly. A
xz plane monitor was added to record the propagation of the light.
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Fabrication

The metasurface sample is fabricated using the standard electron beam
lithography (fig. S5). First, the 410-nm-thick o-Si film is grown on the
fused quartz substrate by the plasma-enhanced chemical vapor deposi-
tion. The refractive index of Si is 3.88 + 0.0195i at a wavelength of 633 nm
(measured by Ellipsometer, Sopra, GES5E). Subsequently, a 120-nm-
thick negative electron beam resist [Hydrogen Silsesquioxane (HSQ),
XR-1541.006] layer is spin coating on it (soft bake temperature,
100°C for 4 min). Then, the metasurface pattern is defined in the
resist by electron beam lithography (JEOL-6300FS) with a 100-kV/
acceleration voltage and a beam current of 500 pA. Next, the resist
is developed by 25% tetramethylammonium hydroxide solution for
about 120 s to reveal the pattern. Last, the pattern is transferred to
0-Si film by the inductively coupled plasma system (ICP380, Oxford).
The residual resist is removed by buffered oxide etch solution.

Experimental instrument

As shown in Fig. 2A, the laser (MRL-III-633L-80mW) is bought from
Changchun New Industries Optoelectronics Technology Co. Ltd. The
collimator is Thorlabs F110FC-633. The output beam waist diame-
ter is 1.16 mm, which is larger than the metasurface size of 900 um,
so the incident light intensity on the metasurface is spatially uniform.
The piezo electric stage is Physik Instrumente P-545.3C8S with a
resolution of 1 nm. The lens is Thorlabs AC254-050-A-ML. The op-
tical power meter used is Thorlabs S120VC with PM400. We tested
the stability of the experimental system as shown in fig. S4. The laser
power without the metasurface modulation is stable enough during
one measurement period (1 s) with the relative error of 0.01%.

Characterization of the metasurface sample

The polarization conversion efficiency n; of all the three metasur-
face samples was measured experimentally. A linearly polarized laser
irradiates the metasurface sample from the substrate, and the re-
fracted LCP and RCP light intensity is measured by the optical power
meter and added together. As a comparison, the same laser passing
through the pure glass substrate is also measured. The intensity con-
version efficiency |n,|” is obtained by dividing the total intensity of
the transmitted LCP and RCP light over the light intensity after the
glass substrate, which is 36.8% for the sample with pitch A = 3 um,
47.4% for the sample with pitch A = 4.5 um, and 67.4% for the sam-
ple with pitch A = 6 pm, respectively. All the intensity conversion
efficiencies are high enough for the displacement metrology, although
they are notably smaller than the simulated conversion efficiency of
around 80% (fig. S1B). The deterioration of the conversion efficiency
can be mainly attributed to the fabrication imperfection and the un-
avoidable deviation between the simulation and real sample.

The polarization conversion is also verified by checking the po-
larization state of the refracted light after the metasurface. The
polarization state of the output light is determined by measuring
the Stokes parameters of the light with a polarimeter (Thorlabs,
PAX1000VIS) (fig. S2B). The ellipticity 0, defined as the ratio of the
minor axis length to the major axis length of the polarization ellipse,
is calculated according to the measured Stokes parameters. For the
LCP incident light (S; =0, S, =0, and S3 = -1 and n = 1), the Stokes
parameters of output light are §; = -0.09, S, = 0.07, and S5 = 0.99,
and the ellipticity is n = 0.891 (0.888 for simulation), which is evi-
dently regarded as RCP light. Correspondingly, for the RCP incident
light (§; =0, S, =0, and S3 = 1 and n = 1), the Stokes parameters of
the output refracted light are S; = 0.02, S, = -0.1, and S3 = -0.99,
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and the ellipticity is n = 0.902 (0.873 for simulation), which is very
close to LCP.

Data acquisition and uncertainty analysis

The displacement sensing experiment was implemented by three
metasurface samples with periods of 3, 4.5, and 6 um, respectively.
For each sample, the displacement sensing was taken in three differ-
ent steps of 5, 10, and 20 nm repeatedly, and the metasurface was
moved by 200 steps in every measurement (fig. S7). At each posi-
tion, the output optical signal was recording by the power meter
within 1 s at the sampling frequency of 500 Hz. The power meter
works in a high-resolution, low-sampling rate measurement mode
to keep a relatively low level of electronic noise. The measured power
P is normalized according to the formula (P — Pyin)/(P — Pin)max-
Then, we make a histogram of the data points at each location and set
the number of bins to [v77], where  is the number of data measured
at that location and [...] is rounded to the nearest integer. Fitting
the data by Gaussian distribution function, we get the fitting coeffi-
cients center P with SD op and width W. The linear region is the re-
gion where the normalized power Pisbetween Py = (2 -2)/4
and Pﬁmax = (2++2)/4(=0.14 to 0.86). PZI\_]min and Pﬁmax are in-
tersections of two ideal signal curves in Eq. 3 with nt/4 as the phase
difference and the subscript [ indicates the linear region. The sensi-
tivity k with SD o is the slope by linear fitting.

We repeatedly measured the displacement of the linear region
with a 10-nm step and observed the position difference retrieved from
the two measurements data. P and P} are the normalized fitting co-
efficients center of Gaussian fitting of the two-measurement data, re-
spectively. Intensity changes come from the relative displacement in
the x direction, with 8x = (Pi\] - Py ) /k. We show the histograms of
different 8x for samples with periods of 3, 4.5, and 6 um (fig. S8). It is
seen that the displacement can still be clearly distinguished at 1.1 nm.
The width of the Gaussian distribution, which is mainly caused by the
vibration of the external environment, limits the just resolved relative
displacement of the system. The measurement results at different time
are shown in fig. S10 and highlighted in table S1. To evaluate resolving
ability of the system at different time, resolving ability R is calculated,
which is defined as the ratio of the average width W and the slope k
of the linear region. Before midnight (the front three lines in table S1),
the measurement period becomes longer because of the drift of the
sample, which, in turn, makes the slope smaller. Meanwhile, environ-
mental vibration will make the Gaussian fitting width larger. The result
is a decline in the resolving ability of the system. After midnight (the
later four lines in table S1), the period measurement error and fitting
width caused by environmental noise are smaller, so the system has a
better resolving ability. When the environmental vibration can be ef-
fectively suppressed, the resolving ability of the system can be better.

Then, we use the error transfer function to calculate uncertainty
of the relative displacement Ax, which has the form f= A/B. In this
case, relative displacement éx = (lev - P )/k, and hence

A = Py - P,
B =k
We calculate 6p; and op, that are the SDs of the Gaussian fitting
center of P and P}, respectively. The two measurements are inde-
pendent of each other, and hence
oa = \(op)® + (op)” for A = P - P,

op = oxforB = k

(11)

(12)
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Then, we use the error transfer function to calculate uncertainty
of dx as follows

Ox = OA/B
_AJ(o4)*, (oB)?
" BY\A B

Yo+ ©0m’\ (o)

| ALV Ry

P =P k

(13)

The o, for all three samples is 0.1 or 0.2 nm (fig. S8).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add1973
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