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Recent advances in on-chip infrared polarization detection
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Abstract: Polarization is an intrinsic degree of freedom of light. The detection of polarization light provides more
information in addition to light intensity and wavelength. Infrared polarization detectors play a vital role in numer-
ous applications, such as imaging, communication, remote sensing, and cosmology. However, traditional polar-
ization detection systems are bulky and complex, hindering the miniaturization and integration of polarization de-
tection. Recently, the development of on-chip infrared polarization detectors has become an area of great interest.
In this review, we focus on two recent advanced research areas of on-chip infrared polarization detectors; polariza-
tion-sensitive materials and integration of polarization-selective optical coupling structures. We discuss the current
research status, future challenges and opportunities for the development of on-chip infrared polarization detectors.
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polarization-selective optical coupling structures
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Introduction quantum communication, cosmology, biomedicine, and

remote sensing'’. However, traditional polarization de-

Infrared polarization detection has numerous impor- tection systems are bulky and complex, hindering the

tant applications, including military reconnaissance,
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miniaturization and integration of polarization detection.
On-chip infrared polarization detectors with the advantag-
es of small size, high responsivity, and high polarization
extinction ratio, represent the future of polarization de-
tection'”. To realize advanced infrared polarization de-
tectors, we primarily focus on enhancing polarization dis-
crimination and miniaturizing device sizes.

The polarization-sensitive materials offer a straight-
forward way to realize polarization detection. Polarization
detectors based on anisotropic materials have compact
structures and require no extra fabrication processes com-
pared to common detectors™'". Recently, a lot of aniso-
tropic or chiral materials have been proposed for polariza-
tion detection. Anisotropic van der Waals materials and
heterostructures are studied for linear polarization detec-
tion'"*?". Chiral hybrid perovskites, topological materi-
als, and other circular-polarization-sensitive materials
are demonstrated to be able to distinguish the handed-
ness of circularly polarized light ™", Although the polar-
ization detectors based on polarization-sensitive materials
can realize either linear or circular polarization detec-
tion, the choice of these materials is quite limited. In ad-
dition, poor chemical stability, low responsivity, and
low polarization extinction ratio also hinder the develop-
ment of detectors based on polarization-sensitive materi-
als.

Thanks to advances in micro- and nano-fabrication
techniques, polarization-selective optical coupling struc-
tures have been successfully integrated with infrared ma-
terials to enhance the performance of polarization detec-
tors™**". By combining the advantages of polarization-se-
lective optical coupling structures and the anisotropic ab-
sorption in materials, the integration of polarization-se-
lective plasmonic microcavities and anisotropic materials
exhibits a double enhancement of polarization discrimina-
tion'”". Recently, configurable photocurrent polarity has
also been achieved by manipulating local photocurrent
density through plasmonic nanoantennas. The polarity of
photocurrent is tunable by light polarization flexibly and
an infinite extinction ratio could be realized at the polari-
ty-transition point.

In this review, we will introduce the infrared polar-
ization detectors based on polarization-sensitive materials
in Section 1. Then the integration of polarization-selec-
tive optical coupling structures will be discussed as fol-
lows in Section 2. At last, in Section 3, we talk about
the next challenge and opportunity for the detection of
full Stokes parameters in the future.

1 Polarization—sensitive materials

Traditional methods of linear or circular polarization
detection involve rotating polarizers or waveplates. Most
detection materials are polarization-insensitive and can
only detect light intensity. The requirement of numerous
discrete optical components in traditional polarization de-
tection systems hinders the miniaturization and integra-
tion of polarization detection systems. Polarization-sensi-
tive materials have been widely investigated to construct
compact and filterless polarization detectors.

1.1  Anisotropic absorption in two—dimensional
materials

Two-dimensional materials have been extensively
studied in the field of optoelectronics due to their unique
optical and electronic properties. Anisotropic absorption
in some two-dimensional materials promises sensitivity to
linearly polarized light*. These materials offer a straight-
forward approach to on-chip infrared polarization detec-
tors and demonstrate excellent performance. The polar-
ization detection systems consisting of anisotropic two-di-
mensional materials have the advantage of miniaturiza-
tion compared to traditional methods.

In 2020, Lei Tong et al. utilized high-mobility, nar-
row-bandgap, anisotropic quasi-two-dimensional telluri-
um (Te) photodetectors to achieve target imaging with a
linear polarization extinction ratio greater than 9 at the
wavelength of 2. 3 um™. Fig. 1 (a) shows the schemat-
ic device structure and the polarization-dependent photo-
response. The polarization detection based on individual
anisotropic materials is very compact. The characteris-
tics of the polarization detector, including linear polariza-
tion extinction ratio and response wavelength, rely on the
anisotropic absorption of the material.

In 2022, Wenjie Deng et al. constructed a twisted
unipolar barrier van der Waals heterostructure using the
anisotropic material b-AsP””. The heterostructure con-
sisted of a b-AsP/WS,/b-AsP configuration, forming a
small barrier for electrons and a high barrier for holes to
create a unipolar barrier by band engineering. The bias-
switchable photocurrents are dominated by the anisotro-
pic absorption at the top and bottom, respectively. The
device realizes full polarization state detection of linearly
polarized incident light in the mid-infrared band. The lin-
ear polarization extinction ratio is 55 under the bias of
0.1 V. Fig. 1 (b) shows the structure diagram of the
heterojunction device and the polarization photocurrent
under the external bias. Anisotropic two-dimensional ma-
terials are commonly used for linear polarization detec-
tion, and heterojunctions can be constructed based on
these materials to enhance their anisotropic absorption
through band engineering. However, achieving circular
polarization detection using two-dimensional materials is
challenging.

In 2021, Fang et al. demonstrated the use of inher-
ent in-plane and out-of-plane optical anisotropy of MoS,
to fabricate a full-Stokes polarimeter on a single-layer
MoS,/few-layer MoS, homojunction chip. This homojunc-
tion on-chip full-Stokes polarimeter is based on valley-de-
pendent optical selection rules in monolayer MoS,, which
induces valley-locked spin-polarized photocurrent known
as the circular photogalvanic effect (CPGE). The re-
sponse is further enhanced by the monolayer MoS,/few-
layer MoS, homojunction, enabling the detection of all
four Stokes parameters of incident light at zero bias in the
650 ~ 690 nm wavelength range™". Fang et al. em-
ployed mechanical rotation to achieve an oblique inci-
dence of light on the surface of an isotropic single-layer
MoS,/few-layer MoS, homojunction. Fig. 1 (¢) shows the
schematic diagram of the homojunction device test and
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the photocurrent as the function of the angle of the quar-
ter-wave plate.

In 2022, Ma et al. achieved a breakthrough in real-
izing a tunable mid-infrared bulk photovoltaic effect by
utilizing twisted double bilayer graphene (TDBG) at 5
pwm and 7. 7 wm wavelengths'™. The TDBG device bene-
fits from the strong symmetry-breaking properties of the
graphene moiré superlattice material, as well as the non-
linear light-matter interaction regulated by quantum ge-
ometry. Additionally, the advanced machine learning al-
gorithm, such as a convolutional neural network (CNN),
is applied to recognize the double-gate-dependent bulk
photovoltaic voltage mapping and achieve the full Stokes
polarization reconstruction ',

1.2 Linear and circular photogalvanic effect in to-
pology materials

Topological materials exhibit novel optoelectronic
phenomena due to their unique electronic band struc-
ture, involving the Berry curvature of the electron wave-
function™. Topological materials generate prominent
photocurrent under linear and/or circular polarized light
with broken inversion symmetry or time-reversal symme-
try. These phenomena are known as the linear photogal-
vanic effect (LPGE) and circular photogalvanic effect
(CPGE) , respectively. Besides, topological semimetals
hold promise for broadband infrared detection due to
their gapless band structure at the Weyl point.

In 2018, Xu et al. demonstrated the tunable Berry
curvature dipole of single-layer topological insulator
WTe, to realize observable and electrically switchable
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(a) Schematic diagram of tellurium (Te) crystal structure.

CPGE™. The low-energy band structure of monolayer
WTe, without spin-orbit coupling features tilted two-di-
mensional Dirac fermions at the () and Q’ points. The
CPGE is induced by interband transitions of the inverted
quantum spin Hall (QSH) gap near the Q and Q’ points
located close to the bottom of the conduction band. The
inverted band structure and tilted crystal lattice of mono-
layer WTe, produce Berry curvature dipoles and strong
electric field effects, resulting in an observable and elec-
trically switchable CPGE for circularly polarized light de-
tection.

In 2018, Lai et al. developed a self-powered photo-
detector with broadband capabilities, utilizing a type-II
Weyl semimetal T,-MoTe,. The anisotropy of this materi-
al is wavelength-dependent, with greater anisotropy at ex-
citation wavelengths closer to the Weyl node. 7,-MoTe,
is a promising material for broadband polarization-sensi-
tive and self-powered photodetection with excellent re-
sponse. Based on the anisotropy of T,-MoTe,, there are
anisotropic photocurrent responses at different linear po-
larization excitation of 10.6 pwm, 4 wm, and 633 nm,
and the linear polarization extinction ratios are 2.72,
1.92 and 1. 19, respectively™. Afterward in 2022, Ma
et al. conducted a study on the semiconductor material
Te. They discovered that under 10. 6 wm and 4.0 um
photoexcitation, the material exhibited opposite CPGE
directions due to the chirality-dependent optical selection
rules for transitions between the valence band and the
conduction band of the semiconductor material Te be-
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Schematic diagram of the device structure. At room temperature,

the incident power is 6. 0 mW, and the net polarized photocurrent A7, is when the incident wavelength is 2. 3 pm »/: (b) Schematic dia-
gram of the unipolar barrier van der Waals heterostructure photodetector composed of b-AsP/WS,/b-AsP. Polar plots of linear polarization
angle-dependent forward-bias-driven photocurrent and reverse-bias-driven photocurrent™’; (¢) Schematic diagram of the full-Stokes po-
larization measurement setup. Comparison of helicity-dependent photocurrents at 0 V and -0. 1 V for homostructure devices and mono-
layer MoS, *''; (d) Schematic of a twisted double bilayer graphene (TDBG) photodetector. Photovoltage (V) as a function of the quar-
ter-wave plate (QWP) angle () at different gate voltage biases (V,, V;,) measured at T =79 K and 2 = 5 um. Photovoltage function of
V,, excited by 5 um and 7. 7 pm linearly polarized light (LP) when y = 165° and V,, = 5.2 V'**
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In 2019, Osterhoudt et al. employed the topological
structure of Weyl semimetal TaAs and focused ion beam
(FIB) manufacturing technology to achieve the giant
bulk photovoltaic effect (BPVE) in the 10. 6 pm band at
room temperature”*. The investigation of the nonlinear
optical properties of TaAs revealed that the CPGE is re-
lated to electronic chirality in TaAs.

1.3 Chiral perovskite and organic materials

Chiral materials are defined as objects that cannot
be superimposed on their mirror images. Due to their dis-
tinct chiral properties, they find diverse applications in
fields such as medicine, biology, and quantum technolo-
gy, The differential absorption of left-handed circular-
ly polarized light (LCP) and right-handed circularly po-
larized light (RCP) by chiral perovskite and organic ma-
terials offers the opportunity to directly detect circularly
polarized light (CPL).

In 2019, Chen et al. fabricated a CPL detector us-
ing chiral organic-inorganic hybrid (a -PEA) Pbl,
perovskite. To synthesize the chiral perovskite, they se-
lected chiral a-phenylethylamine, whose 7 bond on the
benzene ring aids in the positional interaction between
the chiral amine and the (Pbl,)* matrix, enhancing the
CPL-sensitive absorption. The circularly polarized detec-
tor exhibited a maximum polarization extinction ratio of
1. 1 around the wavelength of 395 nm, a responsivity of
797 mA/W"', and a detectivity of 7.1 x 10" Jones".
The device remained stable for one month. Although di-
rect detection of CPL was achieved, the circular polariza-
tion extinction ratio (CPER) is not sufficient.

In 2020, Ishii et al. fabricated a CPL detector using
the helical one-dimensional (1D) structure of lead halide
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perovskite, which is composed of naphthyl ethylamine-
based chiral organic cations”. The 1D structure con-
sists of face-sharing (Pbl,)* octahedral chains, and R-
(+)- and S-(-)-1-(1-naphthyl) ethylamine were chosen
as the chiral cations in the 1D perovskites. The helicity
of the 1D structure is primarily influenced by the chiral
cations, resulting in an extremely high CPER. This work
reported the highest CPER (25.4 at the wavelength of
395 nm) of perovskite based circular polarization detec-
tors.

In 2021, Liu et al. incorporated chiral organic li-
gands into the inorganic octahedral framework (PbX,)*
of perovskite to create an optically active chiral hybrid
perovskite (CHP) with efficient charge transport™. The
chiral ligand has a large 7 bond on the benzene ring, fa-
cilitating the Coulomb interaction between the chiral
amine and the (PbIG)A’ matrix, which enhances CPL-sen-
sitive absorption. They fabricated CPL detectors with
high photocurrent and polarization selectivity using CHP
single-crystal nanowire arrays. The CPL detectors exhib-
ited a CPER of 1.27, an on-off ratio of 1. 810", and a
responsivity of 1.4 A/W™" at 510 nm with a bias voltage
of 5V.

In 2022, Cao et al. created a new van der Waals
heterojunction by combining a two-dimensional chiral hy-
brid perovskite material (MBA ) ,Pbl, with black phos-
phorus (BP)"*’. The interfacing perovskite provides an
inflow of numerous photogenerated carriers to BP, to re-
inforce the charge carrier transfer, separation, and
transport processes. The responsivity and photogain of
BP in heterostructures are boosted by almost one order
of magnitude with respect to BP alone, which is more
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(a) False-color scanning electron microscope image of a TaAs device. Along the a-axis and c-axis, the photocurrent varies with

the angle of the quarter-wave plate™’; (b) Schematic experimental set-up for detecting the mid-infrared circular photogalvanic effect on

a dual-gated monolayer WTe, device. Polarization along the a-axis depends on the photocurrent

1. (¢) The lattice structure of tellurium

(Te). The quarter-wave plate-dependent photocurrent at the position of the maximum positive and negative response of the Te device un-

der 10. 6 um (middle) and 4 um (bottom) excitation®'; (d) Optical microscope image of the MoTe, device. Crystal structure of 7

MoTe,. Anisotropic photocurrent response with a polarization extinction ratio of 2. 72 for linearly polarized excitation at 10. 6 um'*’
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obvious under excitation above the bandgap of
perovskite. The linear polarized light extinction ratio of
the van der Waals heterojunction reaches 9 at a wave-

length of 1 550 nm.

2 Integration of polarization—-selective
optical coupling structures

In the previous section, the detection of linearly
and/or circularly polarized light is based on polarization-
sensitive materials, such as anisotropic two-dimensional
materials, topological materials, and chiral perovskites
or organic materials. However, the choice of these mate-
rials is quite limited. Poor chemical stability, low re-
sponsivity, and low polarization extinction ratio are the
main problems for polarization detectors based on polar-
ization-sensitive materials. On the other hand, artificial
micro-nano optical structures show great potential in con-
trolling the interaction between polarized light and mat-
ter. The polarization detectors with polarization-selective
optical coupling structures, as well as the integration
with anisotropic materials, show better performance in re-
sponsivity and polarization extinction ratio.

tures

Plasmonic structures play an important role in the
interaction between light and matter. They enhance the
polarization-dependent optoelectronic coupling through
resonant excitation of localized surface plasmons. There-
fore, plasmonic structures are important tools for achiev-
ing polarization-selective coupling. Different resonances
with the enhanced localized optical field can be realized
under specific polarizations of the incident light and then
the polarization light is discriminated. Integration of the
polarization-selective optical coupling structures and in-
frared detection materials can greatly improve polariza-
tion detection performance.

In 2014, Li et al. introduced a new approach to cre-
ating a grating plasmonic microcavity quantum well infra-
red detector by combining a single quantum well with a
grating plasmonic microcavity *. The quantum well is
employed as the active structure within the near-field re-
gion of the plasmonic effect enhanced cavity, with the lo-
calized surface plasmon (LSP) mode and the surface
plasmon polariton (SPP) mode being controlled. The ar-
tificial plasma modulation significantly influences the
propagation and distribution of light within the plasma mi-
crocavity, resulting in a high infrared polarization resolu-
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matic of the photodetector. Crystal structure of (R- and S-a-PEA) Pbl,. Circular dichroism (CD) and absorbance spectra of (R-, S-,
and rac-a-PEA) Pbl, thin films™*'; (c¢) Schematic diagram of a helical one-dimensional perovskite-based photodetector. J-V curves of
(R-NEA) Pbl, device under LCP and RCP with a wavelength of 395 nm and an intensity of 1. 0 mW c¢cm?"""; (d) Schematic diagram
and crystal structure of vdW heterostructure photodetector device based on BP and chiral perovskite MPI. Electron and hole transfer pro-
cess of MPI/BP heterostructure under 1 550 nm illumination. Heterostructure output curves and individual BPs. Polar plot of the normal-

ized polarization photocurrent measured at an illumination power of 100 W and a wavelength of 1 550 nm'”

K3 (a) T B w0t eI 08 TPk 2R 5 Bk 2 S MRS 180105 (b) PRI EHLEM#R AR A, (R- and S-a- PEA) PbL, [
W45, (R-, S-, and rac-a- PEA) PbL IR AY I8 — PR RIS (o) BRIE—ZR45ERa 2OE R R B &, (R-NEA) PbL %%
PEAEA SR 395 nm, 658K 1. 0 mW em ™ B, 22 € [ i 1 R A 5 100 4 1) Hl 37 - PR AR D™ s (d) 35F BP AR 85460 MPT 1)
T FU /R 0 S T A 18 1 7 R TR B L A R 254, MP/BP 3 I 45 76 1 550 nm G HR N, B FFN28 /X B ad B2 , MPI/BP 53 Jfi 45
PEFIEAAN BP 25 R 4 2, SR A T3 100 pW , ASFK R 1550 nm B, V3 —Fk A9 i 439 i



13 ZHEN Yu-Ran et al: Recent advances in on-chip infrared polarization detection

57

tion capability for the grating plasmonic microcavity
quantum well infrared detection device. Moreover, the
device achieves an extinction ratio of 65 at 14. 7 pm.

In 2015, Li et al. utilized a periodic array of chiral
metamolecules comprised of a ‘Z’ -shaped silver antenna
on a poly (methyl methacrylate) spacer and an optically
thick silver backplane to create a chiral plasmonic nano-
structure with hot electron injection*". Plasmonic nano-
structures with engineered chirality can differentiate be-
tween left-handed circularly polarized (LCP) and right-
handed circularly polarized (RCP) light, and photode-
tection is based on hot electron injection into silicon.
The chiral plasmonic nanostructure circular polarization
detector achieves a polarization extinction ratio of 3.4 at
the wavelength of 1 340 nm.

In 2019, Wang et al. employed gold-coated helical
carbon nanowire end-fired and dipolar aperture nanoan-
tennas to fabricate circularly polarized photodetectors by
rotating surface plasmons on the subwavelength scale and
utilizing optical spin-orbit interactions'®'. The device al-
lows for adjustable polarization control with a CPER of 64
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at 1 550 nm, indicating that circularly polarized light can
be locally achieved by applying the concept of a helical
traveling wave antenna to a single plasmonic nanoanten-
na.

In 2020, Jiang et al. utilized an asymmetric n-
shaped gold nanoantenna chiral plasmonic metasurface
integrated with a single layer of MoSe, to create an ultra-
thin circular polarimeter*”. The chiral plasmonic meta-
surface is utilized to selectively detect circularly polar-
ized light, while the two-dimensional material deter-
mines the working wavelength range (visible to near-in-
frared). The circular polarization-dependent photocur-
rent response based on the left-handed and right-handed
metasurfaces is verified. The ultra-thin circular polarime-
ter achieves an extinction ratio of 1. 74 for the left-hand-
ed metasurface and 1. 9 for the right-handed metasurface
at the wavelength of 790 nm.

2.2 Integration of anisotropic material and polar-
ization—selective optical coupling structures

Combining the advantages of polarization-selective
optical coupling structures and the anisotropic absorption
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works. The ellipticity factor of the output beam of the helical traveling wave nanoantenna HTN and the experimental spectrum of the
DOCP. Polarization state analysis at wavelengths of 1. 55 um and 1. 64 um"'; (d) Schematic illustration of the hybrid structure consist-
ing of a chiral plasmonic metasurface and monolayer MoSe,. Optical absorption spectra of left-handed and right-handed plasmonic meta-
surfaces illuminated by light "
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in materials, the integration of polarization-selective plas-
monic cavities and anisotropic materials exhibits a dou-
ble enhancement of polarization discrimination.

In 2018, Zhou et al. integrated an array of anisotro-
pic plasmonic microcavity (PMC) with a quantum well
infrared detector. PMC structures manipulate photonic
modes at a sub-wavelength scale to enhance the photo-
electric coupling and increase the absorption of quantum
wells*'. The double polarization selection mechanism of
the PMC and the quantum wells enhance the linear polar-
ization extinction ratio up to 136 in the long wavelength
infrared regime. Fig. 5 (a) shows the schematic diagram
of the three-dimensional simulation of the plasma micro-
cavity quantum well infrared detector and the reconstruc-
tion of the Stokes parameters.

In 2020, Chu et al. integrated asymmetric metama-
terials on quantum wells for a long-wave infrared circular
polarization detector. Based on the double polarization
selection mechanism, a CPER of 14 is obtained™’. This
value is 10 times higher than that of the asymmetric meta-
material integrated HgCdTe detector. HgCdTe is the
most widely used infrared detection material **”. Howev-
er, the CPER of the asymmetric metamaterial integrated
HgCdTe detector is much lower since there is no double
polarization selection. The double polarization selection
mechanism is generally applicable to a variety of devic-
es. When the asymmetric metamaterial is integrated with
another anisotropic infrared detection material (InAsSh
nanowire array) , the CPER of this device is 12. 6 in the
mid-infrared region. In comparison, when the same
asymmetric metamaterial is integrated into an InAsSh

bulk material, the CPER is only 1. 7. In addition, the in-
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tegration of anisotropic optoelectronic materials and
asymmetric metamaterials yields an improved CPER with-
out compromising the absorptivity of active materials.
High-intensity photonic modes excited by the asymmetric
metamaterials can increase the absorption in the active
materials by several times. Fig. 5 (b) shows the sche-
matic composite structure of the asymmetric metamaterial
and the detection material. and the absorption and reflec-
tion spectra of the anisotropic composite structure under
left-handed circularly polarized light and right-handed
circularly polarized light.

The bowtie antenna and aligned single-walled car-
bon nanotube (SWCNT) films integrated infrared detec-
tor, proposed by our research group, can be utilized for
highly polarization-sensitive far-infrared detection, with
a polarization extinction ratio exceeding 13 600 at a reso-
nance frequency of 0. 5 THz'*". Our proposed plasmonic
microcavity-integrated graphene photodetector for polar-
ization detection achieves a polarization extinction ratio
of approximately 30 at a wavelength of 1. 55 pm ™", In
addition, the research group has also designed quantum
well infrared photodetectors (QWIPs) integrated with all-
semiconductor strip plasmonic cavities with high polariza-
tion sensitivity, and the polarization extinction ratio ex-
ceeds 900 in the terahertz band"".
range, our proposed asymmetric metamaterial integrated
quantum well (anisotropic material) has a CPER of ap-
proximately 14 “*'. This CPER is twice as high as that
observed for graphene integrated with chiral plasmonic
nanoantenna electrodes in the mid-infrared band .

2.3 Configurable photocurrent polarity by the opti-

In the long-wave
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(a) Schematic diagram of 3D simulation of plasmonic microcavity quantum well infrared detector; (b) Resolution of Stokes pa-

rameters *'; (c¢) Schematic diagram of the asymmetric composite structure; (d) Absorption and reflection spectra of anisotropic dielec-

tric composite structures under LCP and RCP illumination'*”’
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cal structure

By integrating polarization-sensitive materials with
micro-nano optical structures, high responsivity, and po-
larization extinction ratio has been achieved. Recently,
configurable photocurrent polarity has also been realized
by integrating plasmonic nanoantennas. The polarity of
photocurrent can be tuned by light polarization flexibly
and an infinite extinction ratio is realized at the polarity-
transition point. In such cases, the traditional definition
of polarization extinction ratio is no longer applicable,
and the corresponding extinction ratio at the photocurrent
polarity-transition approaches infinity.

In 2016, Lu et al. placed the thermal junction of a
thermocouple at the center of an optical antenna to create
an antenna-coupled thermopile photodetector™. The de-
vice is only sensitive to light ellipticity, and an antenna-
coupled thermopile photodetector is used to convert the
degree of circular polarization of light into a DC voltage
proportional to the S, Stokes parameter of the incident ra-
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diation. The detector produces a bipolar voltage output
that is proportional to the S, Stokes parameter of the inci-
dent light in the 7 ~ 9 wm wavelength range. The detec-
tor design is completely achiral, indicating that the inci-
dent light’ s chirality is converted into either the current
direction or the DC voltage sign in the detector.

In 2019, Thomaschewski et al. combined strong
light-matter interactions in plasmons with semiconductor
technology based on spin-orbit interactions in achiral
plasmonic nanocircuits™. They achieved this by inte-
grating two gold-germanium-gold chiral plasmonic wave-
guide photodetectors, resulting in a compact polarimeter
capable of detecting the circular polarization light.

In 2021, Wei et al. developed nanoantenna-mediat-
ed few-layer graphene photodetectors. The device allows
for configurable switching between unipolar and bipolar
polarization dependence of linear polarization response in
the mid-infrared region through vectorial and nonlocal
photoresponses ™. The orientation of the nanoantenna

Current /uA
°

V,/mv

(a) Scanning electron microscope image of a thermopile element. Measured thermoelectric reactor emf voltage (black dots) as

a function of incident light ellipticity angle y compared to normalized S, Stokes parameters at a wavelength of 7. 9 um and a light intensity
of 270 W em®™*'; (b) Device schematic for spin-controlled unidirectional plasmonic waveguide on-chip electrical detection. A Soleil-
Babinet variable phase retarder was employed to convert linearly polarized laser radiation into left and right circular polarization states of
intermediate elliptical and orthogonal linear polarization states’**'; (c) Schematic of a metasurface-mediated graphene photodetector. I-V
curves of the device under dark and light conditions™'; (d) Schematic of a nanoantenna-mediated semimetal photodetector. Measured
(symbols) and fitted (dashed lines) photovoltage versus polarization angle for different gate voltages”™'; (e) Symmetry analysis of the
photoresponse of an achiral plasmonic nanostructure located on a graphene sheet. Measured /- curve with drain-source bias. Illustration
of a CPL-specific photodetector in a Poincaré sphere, where the photovoltage V, depends only on the fourth Stokes parameter S; of the
incident light *”’
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in the device can be adjusted to vary the polarization ex-
tinction ratio from positive to negative, covering all possi-
ble values, with the polarization extinction ratio ap-
proaching infinity at the polarity-transition point. This
enables linearly polarized light detection with a range
from finite to infinite extinction ratio.

Recently, in 2022, Wei et al. developed a mid-in-
frared circular polarization detection device by integrat-
ing plasmonic nanostructure arrays and graphene rib-
bons””. The geometric arrangement of plasmonic nano-
structures enhances circularly polarized light detection,
and the photocurrent generated by the achiral structure
achieves a CPER of 84 under zero bias in the mid-infra-
red band at room temperature. The detection of CPL
should be robust, with immunity against the ubiquitous
unpolarized and linearly polarized light.

3 Challenge and opportunity: On-chip
full-stokes detection

On-chip infrared polarization detection has been ex-
tensively studied nowadays. The perception of a single

polarization state has been thoroughly studied. Full
Stokes detection that includes all polarization information
becomes a challenge and opportunity.

In 2020, Li et al. developed four metasurface-inte-
grated graphene-silicon photodetectors based on the geo-
metric chirality and anisotropy of the metasurface for cir-
cular and linear polarization-resolved light responses”.
The photodetector enables full Stokes parameter detec-
tion for arbitrary polarized incident infrared light at 1 550
nm.

In 2021, Zhou et al. coupled four single-mode sili-
con waveguides to a circle-like polarization distinguish-
ing device on an insulating silicon substrate to create an
on-chip optical polarimeter capable of measuring arbi-
trary polarization states ™.

In 2022, Xiong et al. developed a fiber-integrated
polarimeter by vertically stacking three photodetection
units based on two-dimensional vdW materials on the fi-
ber end face®”. The polarimeter consists of six layers of
van der Waals materials stacked vertically to form three
photodetection units. Two anisotropic BP units are twist-
ed stacked for polarized light sensing, and a bismuth sel-
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of a fiber end-face stack. One cycle photocurrent of the twisted BP cell as a function of QWP angle'® ; (d) Schematic diagram of on-
chip phase demodulation for high-speed coherent optical communication. The normalized output intensities of different waveguide ports
for a single nanodisk element and two double nanodisk elements were experimentally measured and simulated®’; (e) Structural design
of resonant thermoelectric photoresponse. Polarization-angle-dependent photoresponse simulations (lines) and measurements (symbols)
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enide (Bi,Se,) layer provides power calibration. The po-
larimeter features self-power-calibration, self-driven,
and ambiguity-free detection of linearly and circularly po-
larized light by breaking symmetry-induced LPGEs and
CPGEs in the two BP units.

In 2022, Lei et al. coupled a network of single-
mode Si waveguides to an insulating silicon substrate to
achieve on-chip high-speed coherent optical signal detec-
tion based on photon spin-orbit interactions and enable
full Stokes parameter measurement of incident light .

In 2022, Dai et al. integrated plasmonic chiral ma-
terials and two-dimensional thermoelectric materials to
prepare an on-chip mid-infrared photodetector®. The
photodetector is based on the polarization-dependent pho-
tothermal effect in chiral plasmonic metamaterial-mediat-
ed and the Seebeck effect of two-dimensional thermoelec-
tric materials. It enables the detection of linearly polar-
ized and circularly polarized light and realizes on-chip
full Stokes detection in the mid-infrared band at room
temperature. However, the average measurement errors
are large. The error of S,, S,, and S, are 14.2%,
15.2%, and 5. 4%, respectively. More accurate on-chip
full-Stokes detection is desired.

4 Conclusion

Many different approaches and significant efforts
have been dedicated to the advances of on-chip infrared
polarization detectors. These polarization detectors can
be realized by polarization-sensitive materials including
anisotropic two-dimensional materials, topological mate-
rials, chiral materials, and integrated polarization-selec-
tive optical coupling structures. When polarization-selec-
tive optical coupling structures and polarization selective
detection materials are combined in a proper way, high
polarization discrimination can be achieved. With the de-
velopment of artificial metamaterials-mediated detectors,
the polarity of photocurrent can be flexibly tuned by light
polarization, and an infinite extinction ratio could be re-
alized at the polarity-transition point. In conclusion, on-
chip polarization detection by integrating anisotropic ma-
terials and optical structure has received widespread at-
tention. In the future, on-chip full Stokes parameters de-
tection with high accuracy of all polarization states cover-
ing the full Poincare sphere presents challenges and op-
portunities.
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