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ABSTRACT

Traditional optical elements, such as waveplates and polarization beam splitters, are essential for quantum state tomography (QST). Yet,
their bulky size and heavy weight are prejudicial for miniaturizing quantum information systems. Here, we introduce nondiffractive silicon
metasurfaces with high transmission efficiency to replace the traditional optical elements for QST of polarization-entangled states. Two iden-
tical silicon metasurfaces are employed, and each metasurface comprises four independent districts on a micrometer scale. The unit cell of
each district consists of two silicon nanopillars with different geometrical sizes and orientation angles, and the interference of the scattered
waves from the nanopillars leads to a single output beam from the district with a specific polarization state with a transmission efficiency
above 92%. When the two-photon polarization-entangled state shines on different districts of two metasurfaces, each photon of the photon
pair interacts with the local nanopillars within the district, and the two-photon state is projected onto 16 polarization bases for state recon-
struction. We experimentally demonstrate the reconstruction of four input Bell states with high fidelities. This approach significantly reduces
the number of conventional optical components in the QST process and is inspiring for advancing quantum information technology.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0102539

Metasurfaces can effectively manipulate the amplitude, phase,
polarization, wavefront shape, and propagation direction of light.' "'
In these scenarios, polarization manipulation based on metasurface
has already shown great potential for photonics applications.'” >’ One
typical approach relies on Pancharatnam-Berry phase (PB phase)
metasurfaces,” ” which tunes the polarization states by rotating the
metastructures. Alternatively, by inflating/contracting geometrical
sizes of the metastructures, the geometrical-scaling-induced (GSI)
phase is applied,”*”” and different polarization states can output in dif-
ferent directions simultaneously. Moreover, by assembling metastruc-
tures with varying angles of rotation and geometrical sizes, the
distributions of output polarization states could be controlled.”*** Due
to their excellent performance, metasurfaces have recently been
applied in quantum regimes.”’ ** For example, an all-dielectric meta-
surface made of metagratings has demonstrated nonclassical multi-
photon interference and state reconstruction at the subwavelength
scale.*” This significant progress indicates the feasibility of ultrathin
quantum metadevices for manipulating and measuring multiphoton

quantum states. Very recently, metasurfaces have shown remarkable
capabilities in quantum entanglement,"*"” quantum interference and
modulation,”* ** and quantum sensing and imaging.*” >

In multiphoton quantum optics, quantum state tomography
(QST) characterizes the quantum state of a system through a series of
complete projective measurements on different bases.”” " In the QST
of the multiphoton polarization-entangled state, each photon passes
through a combination of a quarter-wave plate (QWP), half-wave
plate (HWP), and a polarization beam splitter (PBS) and is projected
onto a specific polarization state.””*’ By rotating the QWP and HWP,
the multiphoton state is projected onto different polarization bases.
Meanwhile, the multiphoton coincidence counts are measured. The
density matrix can be reconstructed with the measured multiphoton
coincidence counts by the maximum likelihood estimation algo-
rithm.”®" According to the density matrix, some crucial parameters,
such as fidelity, an index characterizing the proximity between the
measured and ideal entangled state, etc., are extracted.”"** To replace
the bulky optical elements in QST, people try an alternative approach
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via three interleaved metagratings.”” Each metagrating consists of
nanopillars with varying geometrical sizes and angles and diffracts the
input state into two elliptical polarization states propagating in two
channels. In this way, six beam splitting channels are established. By
analyzing the coincidence counts between the two output channels,
this approach enables multiphoton tomography to reconstruct quan-
tum states instead of depending on traditional waveplates and polari-
zation beam splitters. However, the overall size of the metagratings
remains on the millimeter scale (2 x 2mm?). Most seriously, each
metagrating diffracts only less than 30% of the incident energy to two
output channels. Therefore, new approaches with more compact size
and higher transmission efficiency are essential for the future develop-
ment of miniaturizing photonic systems.

In this work, we realize QST of the polarization-entangled
states based on two nondiffractive silicon metasurfaces with high
transmission efficiency. Each metasurface comprises four indepen-
dent districts constructed with silicon nanopillars, 350 x 350 ym?
in size. The interference of the nanopillar radiations leads to one
output with a linearly polarized (LP) or circularly polarized (CP)
state. We can acquire the density matrix of the two-photon polari-
zation-entangled state with two silicon metasurfaces. Specifically,
by translating the metasurface with a three-axis translation stage,
each photon of the input photon pair interacts with each district of
every metasurface. The two-photon state is projected onto 16
(4 x 4) polarization bases, and 16 two-photon coincidence counts

Polarization-entangled
photon pairs

MS2

A

2¢

Density matrix
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are measured. The density matrix is obtained by the maximum
likelihood estimation algorithm via the measured coincidence
counts. To prove this, we experimentally reconstruct the density
matrices of four different input Bell states, |¥"), |¥7), |®@"), and
|®7), with the fidelity of 93.45%, 96.86%, 96.34%, and 94.58%,
respectively. This approach significantly reduces the number of
conventional optical components in the QST process.

First, we schematically show that two identical combined meta-
surfaces (MS1 and MS2), each possessing four districts with different
optical responses (Fig. 1), can perform QST on the polarization-
entangled states. In Fig. 1, MS1-1, MS1-2, MS1-3, and MS1-4 play
the role of horizontal (|H)), vertical (|V)), antidiagonal (|A)), and
right-handed circularly (|R)) polarizers, respectively. The unit cell of
each district is constructed with two nanopillars with different geomet-
rical sizes and orientations. The interference of the radiations from the
nanopillars leads to one zeroth output, projecting the input state onto
a specific polarization state, such as LP or CP state. Suppose a single
photon with an arbitrary polarization state shines on one of the four
districts on the metasurface sequentially. In other words, the input
polarization state is projected to four polarization projection bases
i (i=1234) with ji, = [H)(H|, i1, = [V)(V], ft; = [A)(A], i,
= |R)(R|, respectively. By measuring the output strength on different
projection bases, it is possible to recover the polarization, phase, and
amplitude of the single-photon state. When the input state becomes
the unknown two-photon polarization-entangled state, the quantum

IH>,MS1-1
IV>MS1-2
IA>MS1-3
IR>MS1-4

Coincidence
measurements

IH>MS2-1
V>,MS2-2
IA>,MS2-3
IR>MS2-4

Reconstruction

FIG. 1. Schematics showing two identical combined metasurfaces used for QST on the polarization-entangled states. Each metasurface is made of four districts with different
optical responses. The unit cell of each district is constructed with two nanopillars with different geometrical sizes and orientation angles. Each district of the metasurface plays
the role of horizontal (|H), red component), vertical (|V/), green component), antidiagonal (|A), yellow component), and right-handed circularly (|R), gray component) polar-
izers. By allowing the polarization-entangled photon pairs to pass through different districts of the metasurfaces, we carry out coincidence measurements with two single-
photon counting modules (SPCMs) to reconstruct the density matrix of the quantum state via a maximum likelihood estimation algorithm.
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state can be reconstructed with two identical metasurfaces, MS1 and bases. By executing coincidence measurements of two single-photon
MS2. Suppose an entangled photon pair shines on different districts of counting modules (SPCMs) with single-mode optical fiber, we can
the metasurfaces MS1 and MS2. The entangled state will be projected reconstruct the density matrix of the arbitrary polarization-entangled
to f; and /]j simultaneously (i, j=1,2,3,4). The set of measurements state using the maximum likelihood estimation algorithm and then
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FIG. 2. SEM and transmission spectra of the fabricated metasurface. (a)—(d) SEM micrograph of the fabricated dielectric metasurface (MS1) in four districts (MS1-1, MS1-2,
MS1-3, and MS1-4). The dashed line box represents the unit cell of each district. The inset is the oblique view of four districts. The white bars all represent 400 nm. (e)—(h)
Simulated transmission spectra and (i)—(l) experimentally measured transmission spectra of MS1-1, MS1-2, MS1-3, and MS1-4, respectively. The wavelength ranges from 770
to 850 nm. T, s represents the é-polarized component of the transmission coefficient under y-polarized incidence.
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2
as F(p,p) =Tr (\/ fﬁpﬁ) to characterize the quality of the quan-

tum state,”” where p and p are the theoretical and reconstructed den-
sity matrices, respectively. The near-unity fidelity indicates that the
entangled state is close to the theoretical one.

Now, we consider the interaction of light with the periodic array
of silicon nanopillars. Suppose the unit cell is made of N nanopillars
along the x-axis. The interference of the radiations from the silicon
nanopillars generates the desired output beams. The process can be
described by the superposition of N Jones matrices as

A sin mTE/N N 2nm] l¢x] 0
T = Z [0 ei%}R(()j), 1)

where m is the diffraction order, N is the number of nanopillars in the
unit cell, 0 is the rotation angle of the nanopillar to the x-axis, R(0);) is

the rotation matrix with the form R(Gj) = [ cosf;  sin 0 } d

—sin0; cos0; |’

¢, and ¢, represent the GSI phase determined by the structural
parameters when the incidence is polarized along two symmetrical
axes of the nanopillar in the x-y plane,” respectively. In our current
system, we choose N=2 and the period p, which is smaller than the
wavelength for the existence of only zeroth diffraction (m=0)."
Furthermore, we carefully design the geometrical size and the rotation
angle of the nanopillars to maximize the transmission efficiency (the
ratio of the intensity of the zero-order beam and that of the incident
beam). It follows that the first nanopillar satisfies ¢,; =0, ¢,; =,
and the orientation angle is 6;, while the second nanopillar satisfied
¢, = —¢,, and the orientation angle is (0, — 7).

Next step, by elaborately selecting 0; and ¢,,, each district in the
metasurface could play the role of the desired polarizer. We carefully
select the structural parameters of the silicon nanopillars with the
finite-difference time-domain (FDTD) simulation. Suppose that
two silicon nanopillars in the unit cell locate at (—p/4, p/4) and (p/4,
—pl4), respectively, and they have the same height of 400 nm. The
lengths in the x-y plane and the rotation angle of the first (second)
nanopillar are, respectively, I, wy, 0; [, wa, (91 — —)] When the inci-
dent light with a wavelength ranging from 770 to 850 nm propagates
in the z-direction, four polarization states fi; (i=1,2,3,4) can be
achieved from the following four districts in the metasurface.
(i) ft; = |H)(H| comes from MS1-1, as illustrated in Fig. 2(a). We
assume that T.,5 represents the J-polarized component of the trans-
mission coefficient for y-polarized incidence. In this case, Ty . is close
to 95% [the solid blue line of Fig. 2(e)], and the sum of T}, and T,
nearly vanishes [the orange dashed and solid lines in Fig. 2(e)] at
810nm. (ii) ft, = |V)(V| comes from MS1-2, as illustrated in Fig.

2(b). Figure 2(f) shows that T}, is close to 95% [the orange dashed
line in Fig. 2(f)], and the sum of T, and T, approaches zero [the
blue dashed and solid lines in Fig. 2(f)] at 810 nm. (iii) ji; = |A)(A]
comes from MS1-3, as illustrated in Fig. 2(c). Figure 2(g) shows that
T_450 _a5 is higher than 95% [the solid blue line in Fig. 2(g)], and the
sum of Tyse 452 and Tyse 45> vanishes [the orange dashed and solid
lines in Fig. 2(g)] at 810 nm. (iv) ft, = |R)(R| comes from MS1-4, as
illustrated in Fig. 2(d). As shown in Fig. 2(h), Ty, Tx,, Ty x> and T;
are nearly identical at 810 nm. The nearly equal x- and y- components
and the 90° phase difference between x- and y-components of the

scitation.org/journal/apl

transmission coefficient indicate that the transmitted light is in CP
state for both x- and y-polarized incidence. When the x-polarized, y-
polarized, —45°-polarized, and RCP light incidents on MSI1-1,
MS1-2, MS1-3, and MS1-4, respectively, the transmission efficiency
is accordingly 95%, 95%, 95%, and 94%, respectively. The transmis-
sion efficiency in each district is above 94%. We want to emphasize
that the metasurface design differs from that in Ref. 43. The simulation
results show that upon normal incidence, each district of the metasur-
face allows the nondiffractive transmission of the specific polarization
state (such as CP and LP) with high efficiency.

To fabricate the silicon metasurface, we deposit a layer of 400 nm
thick amorphous silicon on a cleaned indium tin oxide/glass substrate
by plasma-enhanced chemical vapor deposition (PECVD). Then, on
the top of the silicon layer, an array of the Al,O; pattern of the nano-
pillars is formed by electron beam lithography, electron beam evapora-
tion, and lift-off techniques. After that, dry etching of amorphous
silicon is performed with a mixture of SFs and C,Fg with the AL,O;
pattern as the hard mask. Finally, the silicon nanopillars are fabricated.
The size of each district of the metasurface is 350 X 350 um? The
scanning electron micrographs (SEM) of the fabricated nanopillars in
four different districts are shown in Figs. 2(a)-2(d), respectively.

The transmission spectra of four districts in metasurface with the
wavelength ranging from 770 to 850 nm are experimentally measured
with a UV-visible-near-infrared micro-spectrometer, as illustrated in
Figs. 2(1)-2(1). At the wavelength of 810 nm, for MS1-1, Ty, reaches
96% [the solid blue line in Fig. 2(i)]; for MS1-2, T}, reaches 96% [the
orange dashed line in Fig. 2(j)]; for MS1-3, T_45:, _45> reaches 97%
[the solid blue line in Fig. 2(k)]; for MS1-4, Ty, Txy, Ty and Ty,
are nearly identical [as shown in Fig. 2(1)], and the phase differences
between x and y components under x- and y-polarized incidence are
92° and 97°, respectively. This indicates that the transmitted light is in
a CP state. The measured results of four districts are in good agree-
ment with the simulated ones [Figs. 2(e)-2(h)]. Moreover, when the x-
polarized, y-polarized, —45°-polarized, and RCP light incidents on
MS1-1, MS1-2, MS1-3, and MS1-4, respectively, the measured trans-
mission efficiency at each district is above 92%. Each district of the
metasurface allows a specific polarization state (such as CP or LP)
with high efficiency to pass through.

Furthermore, we verify that metasurface can act as polarizers
with a single-photon source at wavelength 810 nm. The key compo-
nent of the single-photon source is a periodically poled potassium
titanyl phosphate (PPKTP) crystal embedded in the Sagnac interfer-
ometer,”” which is pumped by a 405 nm continuous-wave (CW) laser.
First, the polarization-entangled photon pairs at 810 nm are generated
through the spontaneous parametric down-conversion (SPDC) pro-
cess in PPKTP. Then, the down-converted entangled photon pairs are

TABLE I. The measured extinction ratio of each district (MS1-1, MS1-2, MS1-3, and
MS1-4).

Districts Input photon states (¢ and )  Extinction ratio (T,/Tj)
MS1-1  Horizontally and vertically LP 254:1
MS1-2  Vertically and horizontally LP 56:1
MS1-3 —45° and 45° LP 226:1
MS1-4 Right-handed and left-handed CP 43:1
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FIG. 3. The experiment to achieve
QST by replacing traditional optical
b elements in one arm of the routes with

MS1. (a) Schematics of the experi-
( ) Re(p) Im(p) mental setup. DHWP: dual-wavelength
(405 and 810 nm) half-wave plate; DM:
dichroism mirror; IF: interference filter;
FC: fiber coupler. A 405nm CW laser
pumps PPKTP crystal to generate
810nm polarization-entangled photon
pairs through the SPDC process. One
of the photon pairs passes through
QWP, HWP, and PBS. Another photon
passes through either the QWP, HWP,
and PBS (route I) or four distinct
regions of MS1 (route 1) to project the
input state on different polarization
bases for QST. (b) and (c) The mea-
sured real and imaginary parts of den-
sity matrices for the input entangled
state [¥*) = 7> (IH)|V) + V) |H))
based on: (b) route | and (c) route I,
respectively. The measured fidelities
are 96.70% and 95.87%, respectively.

spatially separated. The photon in one arm passes through a different The measured extinction ratio of each district (MS1-1, MS1-2,
district of MS1 and projects the quantum state on a specific polariza- MS1-3, and MS1-4) is listed in Table I. For MS1-1, o and f3 are hori-
tion state. We define the extinction ratio as the ratio of the photon zontally and vertically LP, respectively; for MS1-2, « and f§ are verti-
counts T, /Ty when the input photon states are, respectively, o and f. cally and horizontally LP, respectively; for MS1-3, o and f are —45°
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FIG. 4. Experiments to characterize QST with metasurfaces only. (a) Schematics of the experimental setup. DHWP: dual-wavelength (405 and 810 nm) half-wave plate; DM:
dichroism mirror; IF: interference filter; FC: fiber coupler. The down-converted photon pairs are spatially separated via DPBS and pass through MS1 and MS2. (b)
Experimentally measured real parts of density matrices for four input Bell states based on metasurfaces. The fidelities of W), |¥~), |(I)+), and |®~) reach 93.45%,
96.86%, 96.34%, and 94.58%, respectively. The imaginary parts of density matrices for four Bell states have nearly vanished.
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and 45° LP, respectively; for MS1-4, o and f§ are right-handed and
left-handed CP, respectively. Therefore, one may find that the extinc-
tion ratio characterizes the performance of each district functioning as
a polarizer. For the ideal situation, this ratio should be infinity. The
high ratio characterizes that the district behaves as a perfect polarizer.
From Table I, it can be seen that the maximum extinction ratio is 254,
and the minimum extinction ratio is 43. Moreover, to characterize the
loss of MS1, we define the efficiency of each district as the ratio of the
photon counts T, / T,,s. Here, Ty is the photon counts when the input
photon passes through the substrate. The measured efficiency of
MS1-1, MS1-2, MS1-3, and MS1-4 is 96%, 97%, 94%, and 96%,
respectively. The results are consistent with those shown in Fig. 2.

To carry out QST with metasurface, we put MS1 in one arm of
the entangled source (black dashed line), as illustrated in Fig. 3(a). An
arbitrary entangled state (the input state) can be achieved by modulat-
ing QWP and HWP before the interference filter (IF). The down-
converted polarization-entangled photon pairs with the wavelength of
810 nm are separated by a dual-wavelength polarization beam splitter
(DPBS). One photon of the photon pair passes through the combina-
tion of QWP, HWP, and PBS, and the single-photon state is projected
onto a specific polarization. Meanwhile, another photon passes
through either the QWP, HWP, and PBS (route I, with traditional
optical elements) or four distinct regions of MS1 (route II, with meta-
surface). By shifting the metasurface districts with a three-axis transla-
tion stage or rotating the QWP and HWP, the input two-photon state
is projected onto 16 polarization bases. By counting the coincidence
counts between two SPCMs in 5s with the coincidence window of
L5ns from 16 different measurements (ft; ® ji;) for entangled pho-
tons, we can reconstruct the density matrix of unknown polarization-
entangled photons.

Suppose the incident state is the Bell state [PF) = % (IH)|V)
+|V)|H)). We carry out full QST on this input state. With 16 different
measurements, we reconstruct a two-photon density matrix based on
traditional optical elements QWP, HWP, and PBS (route I). As illus-
trated in Fig. 3(b), the fidelity of the quantum source is 96.70%. Then,
we change to route II, i.e., replacing the traditional optical elements
with MS1. The entangled photons pass through the four distinct
regions of MS1 to project the quantum state on different polarization
bases. We acquire coincidence counts from 16 measurements. Figure
3(c) shows the experimentally reconstructed density matrix of |¥™)
based on MS1 with the fidelity of 95.87%, and the slightly lower fidelity
here may be due to the imperfection in the fabrication of the
metasurface.

We have confirmed in Fig. 3 that the metasurface can replace
part of traditional optical elements for QST. Now, we perform QST
solely with two identical metasurfaces, MS1 and MS2, as shown in Fig.
4(a). By rotating QWP and HWP in front of the IF, any of the four
Bell states (|'¥*) :%(\H)W}i\VHH}) and (|®*) :\%(|H)\H)
*|V)|V))) can be generated as the input state. By shifting the meta-
surface on a 3-axis translation stage, each district on the metasurface
will interact with the incident entangled photon. For each incident Bell
state, 16 two-photon coincidence counts are measured, and the density
matrices are reconstructed with the maximum likelihood estimation
method, as illustrated in Fig. 4(b). The measured fidelities of four Bell
states [P, |¥7), @), and |®) are 93.45%, 96.86%, 96.34%, and
94.58%, respectively. When QST is measured with traditional optical
elements (QWP, HWP, and PBS), the fidelities are 96.70%, 97.44%,
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98.13%, and 97.55%. The fidelities measured by metasurfaces are com-
parable with those acquired from the traditional optical elements, which
confirm the effectiveness of using metasurfaces in the QST process.

Generally speaking, to characterize Q-photon polarization-
entangled state with the current QST technology, 3Q pieces of
bulky optical components, including QWP, HWP, and PBS, are
required. However, with the approach presented in this work, Q
pieces of metasurfaces are sufficient to accomplish the characteri-
zation. This approach significantly reduces the number of tradi-
tional optical components in experiments. Here, we
experimentally demonstrate the QST of the two-photon polariza-
tion-entangled state with two pieces of metasurfaces. The mea-
sured results with metasurfaces, such as density matrix and
fidelity, can be almost identical to that of traditional optical com-
ponents when the fabricated nanopillar possesses sharper edges
and more accurate geometrical sizes with an improved nanofabri-
cation process. Meanwhile, the loss of dielectric metasurfaces is
very limited, and currently, the measured efficiency of silicon
metasurfaces reaches an average of 96%, which is practically appli-
cable to nowadays quantum measurement configurations.
Furthermore, if the metasurfaces are upgraded from the passive to
the active one,*® shifting different metasurface districts for the
state projection by the 3-axis translation stage may become unnec-
essary. This will benefit further miniaturization of the photonic
platform for quantum information processing.

To conclude, this work demonstrates that QST can be accom-
plished with nondiffractive silicon metasurfaces without using tradi-
tional waveplates and polarization beam splitters. Due to phase
modulation at the subwavelength scale, the metasurfaces enable the
nondiffractive output with the projection of the multiphoton state
onto various polarization bases with high efficiency. The experimental
reconstruction of the density matrices of four different input Bell
states, |¥™*) and |®*), with the fidelity of 93.45%, 96.86%, 96.34%,
and 94.58% indicates that metasurfaces are qualified to measure the
quantum states. This strategy significantly reduces the number of tra-
ditional optical components in quantum measurement and is promis-
ing for developing quantum information processing.
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