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Advances in integrated polarization detectors with innovative
features
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Abstract: The polarization properties of light are widely applied in imaging, communications, materials analysis, and
life sciences. Various methods have been developed that can measure the polarization information of a target. However,
conventional polarization detection systems are often bulky and complex, limiting their potential for broader applica-
tions. To address the challenges of miniaturization, integrated polarization detectors have been extensively explored in
recent years, achieving significant advancements in performance and functionality. In this review, we focus mainly on
integrated polarization detectors with innovative features, including infinitely high polarization discrimination, ultra-
high sensitivity to polarization state change, full Stokes parameters measurement, and simultaneous perception of polar-
ization and other key properties of light. Lastly, we discuss the opportunities and challenges for the future development
of integrated polarization photodetectors.
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Introduction

Light is a type of transverse electromagnetic
wave, and polarization is one of its most fundamental
properties, which has been widely and deeply applied
in many fields, such as imaging'™, communication®",
material analysis'', and life science”". Polarized
light mainly includes linear polarized light and circular
polarized light. Circular polarized light can be further
divided into left—handed circularly polarized (LCP)
light and right-handed circularly polarized (RCP)
light. The polarization extinction ratio (PER) is one of
the most critical performance indicators in evaluating
polarization detectors or polarization detection sys-
tems. The PER is defined as the ratio of the responsivi-
ty for the primary detection polarization state to that for
the polarization state orthogonal to the primary detec-
tion polarization state'’. This indicator is used to char-
acterize the polarization discrimination ability of the
polarization detector. In practical applications, a com-
monly used method for measuring the polarization in-
formation of a target is the Stokes parameter method,
which includes four Stokes parameters: S,, S,, S,,
and S,"". Here, S, represents the total intensity of the
polarized light, S, indicates the difference in compo-
nents of the polarized light along the 0° and 90° direc-
tions, S, represents the difference in components along
the 45° and 135° directions, while S, denotes the in-
tensity difference between right—handed circular polar-
ized light and left—handed circular polarized light™.

Traditional polarization detectors are divided into
two categories: ‘division of time’ and ‘division of am-

921 e . .
A division—of—time polarimeter measures

plitude
the intensities of different polarization states sequen-
tially over time by rotating a waveplate or polarizer,
significantly restricting temporal resolution. In con-
trast, a division—of—amplitude polarimeter separates
incident light into distinct photosensitive regions using
a sophisticated optical system, leading to a large and
complex structure. The demand for real-time polari-

melric imaging and the miniaturization of polarimeters

has driven extensive research into the development of

16-17, 22-26
. However, the

integrated polarization detectors
ultra—compact structure, light diffraction, scattering,
and near—field light absorption pose some challenges
for the development of integrated polarization detec-
tors: 1) the PERs of integrated polarization detectors
are usually 2 to 3 orders of magnitude lower than that
of a polarization detection system consisting of discrete
polarization optics and a detector; 2) integrated polar-
ization detectors are much less sensitive to changes in
polarization state than their traditional counterparts;
3) most integrated polarization detectors can only dis-
criminate a few polarization states, but cannot mea-
sures the full Stokes parameters. Furthermore, with
the increasing demand for multi—-dimensional informa-
tion perception, integrated polarization detectors are
desired to be able to simultaneously perceive other key
properties of light along with polarization.

To address the challenges outlined above, re-
searchers have proposed various new theories, meth-
ods, and structures, leading to integrated polarization
detectors with innovative features and high perfor-
mance. This review focuses on these innovative ad-
vancements, systematically presenting cutting—edge
developments in integrated polarization detectors. Top-
ics include integrated polarization detectors with /-
PERs, those with ultra—high sensitivity to polarization
state changes, those capable of one—shot full Stokes
parameter measurement, and those capable of simulta-
neously sensing polarization along with other key opti-
cal properties. The reasons and solutions for these
challenges are summarized in Table 1. Finally, the pa-
per discusses future opportunities and challenges in
the development of integrated polarization optoelectron-

ic detectors.

1 Polarimeter with infinite PER

Conventional polarization detection systems, typi-
cally equipped with high—quality polarization optical
elements, can achieve linear PERs (LPERs) higher
than 10*. In contrast, the LPERs of integrated polar-
ization detectors are 2 to 3 orders of magnitude lower
than that of a polarization detection system consisting
of discrete polarization optics and a detector”™. The

situation becomes even worse for integrated circular po-



XX ] Ay B33 45 - HAT AR SRR B 4R B IR AR DU e A 5T 0E 3

F1 SRNEREUSFFRIEPHRE: FERMBRATR,

Table 1 Challenges in the development of integrated polarization detectors: Reasons and Solutions.

Challenges Reasons

New theories, methods, and structures

Part
The insufficient PER

Part  Less sensitive to polariza-

Excessive noise in the device

2 tion state changes

1. Only a small number

1. Light field—electric field joint manipulation

Less efficient suppression of the residual photoresponse. 2. Optoelectronic silent state

3. Band modulation using heterostructures

Polarization balanced mode detection

1. Lack of theoretical models to describe the intrinsic

of polarization states can

correlation between incident optical Stokes vectors and 1. Superpixel detectors

Part be perceived.
) photoresponse.
3 2. Large reconstruction

2. Optoelectronic polarization eigenvector

2. Insufficient accuracy of traditional reconstruction al- 3. Use of artificial intelligence algorithms

errors in the Stokes pa- .
gorithms.
ramelers

1. Conventional detectors only perceive the intensity in- 1. Development of single—pixel detectors capable of per-

Insufficient perceptible .
Part formation.
dimensions of light field

ceiving multi-dimensional information.

4 2. Multidimensional information reconstruction is diffi- 2. Integrate metasurfaces on commercial cameras

information
cult.

3. Use artificial intelligence algorithms

larization detectors, whose circular polarization extinc-
tion ratios (CPERs) are typically lower than five'.
The insufficient PER of an integrated polarization de-
tector is due to less efficient suppression of the photore-
sponse to the light in the polarization state orthogonal
to the primary detection polarization state, the so
called residual photoresponse. '* Recently, new effects

23-24, 35-36

of polarization photoresponse , novel polariza-

16, 26

tion detection principles’™ ™, and innovative materials

and device structures” ™ have been proposed, leading
to /- PER.

To achieve wo/—o PER, the critical factor is to en-
sure that the residual photoresponse becomes zero.
This task is very difficult to achieve by relying solely
on the light field manipulation provided by the integrat-
ed polarization discriminative structure. The light dif-
fraction, scattering, and near—field absorption at an
integrated polarization detector would inevitably gener-
ate residual photoresponse. Recent studies reveal that
light field—electric field joint manipulation becomes a
promising route to achieve this task.

Integration of artificial optical nanoantennas on
photosensitive materials is a common method to endow
polarization—sensitive

or change their proper-

1723720359074 - Additionally, artificial optical nano-

ties
antennas can effectively enhance the absorption rate of

photosensitive materials, thereby improving the photo-

responsivity or specific detectivity of photodetectors
10:20:40-927%5 " The in—sensor superposition of nanoanten-
na induced vectorial non—local photoresponses can
achieve zero residual photoresponse and thus oo/— %
PER.

In 2021, Wei et al. ® proposed a mid—infrared
semimetal polarization detector with configurable polar-
ity transition and (-1 to ®/-% to 1) PER based on ma-
nipulation of vectorial non—local photoresponse (Fig
la). Both the intensity and direction of the non—local
vectorial photocurrent is modulated by the polarization
state of the incident light, and the total photocurrent is
the superposition of all the vectorial non-local photo-
currents. This principle is known as the artificial bulk
photovoltaic effect (BPVE). By adjusting the angle of
the tapered nanoantenna or choosing different metals to
make up the nanoantennas, the PER can be config-
ured to be all possible numbers in the range (—1 to /-
©tol).

In 2022, Dai et al. * proposed an infrared detec-
tor with ultra—high polarization sensitivity (Fig. 1b).
By leveraging the strong anisotropic absorption of the
perfect plasmonic absorber in the infrared region and
the localized heating induced by finite—size effects,
the detector exhibits polarization—dependent, self-
driven photoresponse based on the photothermoelectric

effect (PTE). The operating wavelength is 8 wm.
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When the polarization direction of the incident light is
perpendicular to the resonance direction of the perfect
plasmonic absorber, the incident light is reflected. As
a result, the Te nanoribbon have no temperature differ-
ence throughout the channel, the optical response gen-
erated by the PTE is zero, and the PER of the device
achieves %/—c0.

In 2024, Dai et al. * proposed a dynamically re-
configurable polarimetry based on in—sensor differenti-
ation of two self—powered photoresponses with orthogo-
nal polarization dependences and tunable responsivi-
ties (Fig. 1c). Such a device can be electrostatically
configured in an ultrahigh PER mode, where the PER
tends to /- Moreover, the device achieves a polar-
ization angle sensitivity of 0. 51 mA-W™'-degree” and
a specific polarization angle detectivity of 2. 8x10° cm-
Hz"-W™'-degree”’. This scheme is demonstrated
throughout the near—to—long—wavelength infrared
range.

In addition to integrated linear polarization detec-
tors with ®/—% LPERs, integrated linear polarization
detectors with /=% CPERs have also been invented.
In 2023, Bu et al. ' reported a configurable integrated
circular polarization detector based on the optoelectron-
ic silent state, and operating in the NIR region, as
shown in Fig. 1d. By adjusting the ratio of the optical
power received by the two chiral plasmonic nanocavi-
ties, the total photoresponse of the device is config-
ured to be zero when the incident light is LCP or RCP,
thereby the CPER tends to ®/—%. Bu et al. '*** pro-
posed the concept of the optoelectronic silent state. In
this state, the detector generates not only zero photore-
sponse but also significantly suppressed noise. The de-
tector can be optoelectronic silent for different polariza-
tion states of the incident light, including the random-
ly polarized state. When the detector is set to be opto-
electronic silent for the randomly polarized state of the
incident light, a high infrared background is eliminat-
ed during the detection and a target in a different polar-
ization state is significantly highlighted compared to
the suppressed background.

After inventing these (/= ) —PER detectors,

people realize that the PER is no longer an effective in-

dicator to characterize the polarization discrimination
performance of polarization detectors. In this context,
Bu et al. define a new PER by taking into account the
noise of the detector when the residual photoresponse
become zero. As shown in the following equation, the
new PER is defined as the ratio of the photoresponse of
the detector when illuminated by light in the primary
detection polarization state to the noise of the detector
when illuminated by light in the polarization state or-

thogonal to the primary detection polarization state.

PER,,, = 1,,(PDPS)/I,..(L PDPS), (1)

where PDPS is the acronym of “primary detection po-
larization state” , and LPDPS denotes the polarization
state orthogonal to the primary detection polarization
state. Since the detector in the optoelectronic silent
state has a significantly suppressed noise, the PER,
still exceeds the PERs of conventional integrated polar-
ization detectors by more than 4 orders of magnitude
(Fig. 1d).

Heterojunctions with special band structures are
also an effective way to achieve /—% PERs. In 2024,
Li et al. 77 proposed a polarization photodetector based
on the CdSbh,SesBra/WSe: heterojunction (Fig 2a). In
the CdSh,Se,Br,/WSe, heterostructure, gate voltage
variations control the anisotropic band alignment. This
leads to a polarization—dependent shift in the photo—in-
duced threshold voltage (V,), caused by the anisotro-
pic carrier transition. The significant V,, shift reverses
the polarization photovoltaic current, allowing the
PER to switch from positive (unipolar regime) to nega-
tive (bipolar regime) , covering the entire range of val-
ues (1—00/-00——-1).

In the same year, Wang et al. * discovered a po-
larization— and gate—tunable optoelectronic reverse in
2D semimetal/semiconductor photovoltaic heterostruc-
ture (Fig. 2b). By adjusting the gate voltage, the Fer-
mi level in ambipolar WSe, can be tuned between the
conduction band (CB) and valence band (VB). This
enables easy control and inversion of the built—in elec-
tric field, resulting in sign reversal of polarization—sen-
sitive photocurrent. With the in—plane anisotropic
structure of 1T'=MoTe,, the device demonstrates high-

ly efficient polarimetric detection, achieving a PER
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rable polarity transition™: (i) Schematic of the detector structure and electrical connections; (ii) Polarization—dependent optical response under differ-
ent gate voltages. When V, = =23 V, the photoresponse induced by 135° polarized light equals 0; (iii) and (iv) Nonlocal vector photocurrent induced
by nanoantennas under 0° and 90° polarized light. b, Te nanoribbon infrared photodetector integrated with a perfect plasmonic absorber on one elec-
trode”: (i) Schematic of the device structure; (ii) Polarization—dependent optical absorption characteristics of the perfect plasmonic absorber; (iii)
Heating one end of Te using the perfect plasmonic absorber; (iv) Polarization—dependent photoresponse characteristics under different power. ¢, Con-
figurable integrated linear polarization detector with a set of orthogonal gratings®: (i) Schematic of the device structure; (ii) Modulation of polariza-
tion—sensitive characteristics of the detector by adjusting the gate voltage; (iii) Single—pixel imaging. d, Configurable integrated circular polarization
detector based on the optoelectronic silent state'®: (i) Schematic of the device structure; (ii) Adjustment of the photoresponse of the detector by chang-
ing the light spot position, where the photocurrent generated by right—handed circular polarized light can be reduced to 0; (iii) Noise of the device un-
der different polarization angles; (iv) Contour of CPER (wavelength A, frequency f) of the detector dimer in the LCP-responsive ultrahigh—CPER

mode based on experimental data.

value of up to %/~ materials can significantly enhance the performance of

Combining ferroelectric materials with 2D vdw polarization detectors™ *. in 2024, Wu et al. ¥ pro-
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posed a polarization photodetectors. As shown in Fig.
2c, the authors found that "T"-shaped ferroelectric do-
main array broke the intrinsic C3v symmetry of MoTe:
and induced an asymmetric carrier distribution in
MoTe,. By applying different bias voltages, the photo-
response corresponding to different polarization states
can be eliminated (Fig. 2c¢ (ii) ), leading to o/
PER.

2 Ultrahigh
tion state changes

sensitivity to  polariza-

Noise—equivalent polarization angle difference
(NEAy, unit: degree+-Hz ") is a parameter used to as-
sess the sensitivity of a polarization detector to changes
in the polarization state of the incident light. It is relat-
ed to noise (I, unit: A Hz"*) and polarization—an-
gle sensitivity (PAS, unit: A degree). The calcula-

tion formula is:

1. A - Hz'"?
NEAy = == =
X = paAs A - degree™

= degree - Hz"'"?, (2)

NEAy refers to the minimum fluctuation in the
photoresponse caused by changes in the incident
light’s polarization state that the polarization detector
can resolve. The lower the value, the stronger the ca-

pability of the device to sense changes in the polariza-

tion state™.

For ordinary polarization photodetectors, due to
their insufficient PER, due to their extinction ratio is
not high enough to achieve complete shielding of the
photocurrent, there is always a current flowing in the
device. As a result, the device is often accompanied
by substantial noise, such as 1/f noise, shot noise,

16, 26 . .
. Excessive noise reduces the

thermal noise, etc
noise—equivalent polarization—angle rotation perfor-
mance of the device. In contrast, for polarization de-
tectors with infinite PER, their photocurrent minima
can be reduced to zero, and the optoelectronic silent
state helps maintain noise at a low level. However, at
this point, the polarization—angle sensitivity of the de-
vice tends to be zero, and so the noise—equivalent po-
larization—angle reaches infinity, which prevents the
detector from sensing small changes in the polarization
angle of the incident light. As a result, the minima of
noise—equivalent polarization—angle rotation tends to
occur in polarization—dependent balanced detectors,
which are characterized by a PER equal to —1**%. In
this type of polarization detector, at the point of photo-

current polarity reversal, the polarization—angle sensi-

tivity reaches maximum while the noise intensity re-

120 300
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g f <4 g 7
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K2 a, BT CdSbaSesBro/WSea 5t 5t 45 (1 i 4 e FE PRI A5 72 (1) SR AR 4544 75 TR 5 (i) ZEMHAR B R S 20V F1-6V JF i SE B
TR PER, b, HET 1T’ -MoTe Al WSe2 ¥ GAR S B 45 > : (1) M & AT BLR 218 5 (i) AR i T B R IR S e Hu . e,
H 2k H I A SCHY BPVE JEBEG HL RN 2 (1) 4000 285 45 44 0k B AR A A 50/s 2 8 s G AN IRl 4R £ G R %) i 65 1BL 110
HEHGiE , : Fig. 2 a, Polarization photodetector based on the CdSh»SesBra/WSe heterojunction™: (i) Schematic of the detector structure; (ii) Achiev-
ing an infinite PER near gate voltages of —20V and —6V. b, Photovoltaic heterostructure based on 1T’ ~MoTe> and WSe,®: (i) Schematic of the detec-
tor materials; (ii) Polarization—dependent photocurrent under different gate voltages. ¢, Black phosphorus photodetector with BPVE defined by ferro-
electric domains™: (i) Schematic of the detector structure and polarization pattern of the ferroelectric domains; (ii) Dependence of the photocurrent on

bias voltage under different polarization angles.
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mains at the lowest level.

In 2020, Wei et al. * proposed a zero—bias mid—
infrared graphene photodetector with bulk photores-
ponse and calibration—free polarization detection,
which exhibits cascaded polarization—sensitive photore-
sponse under uniform illumination, simulating the
BPVE. The device’s responsivity is three orders of
magnitude higher than that of photodetectors based on
traditional bulk photovoltaic effects, with a noise—

”?. As shown in Fig.

equivalent power of 0. 12 nW Hz™
3a, the authors fabricated a metal nanoantenna device
with threefold rotation symmetry. The responsivities of
the three sets of detection units are the same, with a
phase difference of 60° between each set, and the
PER of each set of devices is —1.

Ordinary circularly polarization detectors with in-
tegrated chiral nanostructures often fail to avoid the re-
sponse caused by linear polarized light. To address
this issue, in 2022, Wei et al. ** proposed a geometric
filterless photodetectors for mid—infrared spin light.
As shown in Fig. 3b, the polarization—dependent pho-
tocurrent demonstrates that the detector is also a circu-
lar polarization—balanced detector, capable of block-
ing responses to S, and S, parameters. A self—powered
optical response rate of 392 V. W', At a small inci-
dent power of 1. 8 wW, an optical ellipticity detectivity

-1/2

as low as 0. 03 degree Hz™"* at room temperature.

In 2023, Xie et al. " proposed a zero—bias long—
wave infrared nanoantenna—mediated graphene photo-
detector for polarimetric and spectroscopic sensing
(Fig. 3c). The PER of the detector is —1. By adjust-
ing the near—field distribution of the nanoantenna, the
absorption rate of the detector was improved. The
noise—equivalent polarization—angle rotation of approx-
imately 0. 05° Hz ™" at the power of 26. 6 uW. In addi-
tion to the use of metals to fabricate nanoantennas, the
idea of preparing polarization detectors by directly pro-
cessing photosensitive materials has also gained much
attention in recent years. In 2024, Zhang et al. * re-
ported a high—discrimination, broadband circular po-
larization photodetector using dielectric achiral nano-
structures. As shown in Fig. 3d, the authors directly

etched achiral nanostructures on Te nanosheets. The

noise equivalent light ellipticity difference reaches a
minimum of 0. 03° Hz™"* at the cut—off frequency.

In addition to the artificial BPVE, polarization—
dependent balanced detection can also be achieved us-
ing a pair of orthogonal or chiral light—coupling struc-

44, 48-49
tures

. In 2015, Lu et al. * proposed a Thermo-
pile detector of light ellipticity (Fig. 4a). By con-
structing a square array, the photoresponses generated
by the Stokes parameters S1 and S2 are canceled out,
enabling the detector to directly output a bipolar photo-
voltage proportional to the Stokes parameter S3.

In 2019, Peng et al. * proposed a chiral gra-
phene—based mid—infrared photodetector. As shown in
Figure 4b, the device integrates nanoantennas with op-
posite chirality on source and drain electrodes. Sur-
face plasmon resonance enhances the absorption rate
of graphene by 17 times, and the device exhibits equal
but opposite photoresponses to lefi— and right—handed
circular polarized light. In the same year, Thomas-
chewski et al. ¥ reported a study on circularly polar-
ized light detection using plasmonic nanocircuits. As
shown in Figure 4c, the authors utilized plasmonic
achiral nanocouplers to separate lefi— and right—hand-
ed circularly polarized light and couple them into two
plasmonic waveguides. The photocurrents generated
by two germanium (Ge) detectors were then processed
externally using differential calculations, achieving

high—precision resolution of circularly polarized light.

3 On-chip full-Stokes polarimeter

The demand for real-time full Stokes polarimetric
imaging has attracted a lot of research interest. To ad-
dress this demand, researchers have tried to combine
multiple independently polarization detection pixels in-

1" and reconstruct the Stokes parame-

to a superpixe
ters of the incident light based on the photoresponses
of the subpixels and a specific algorithm. This method
would reduce the imaging resolution of the detector
since many of the pixels originally used for imaging are
used to probe the polarization state. Thus, the main
challenge lies in designing the polarization dependent
optoelectronic properties of the individual pixels to

achieve the most accurate acquisition of full Stokes pa-

rameters while minimizing the number of the pixels.
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perature enhancement. b, A chiral graphene mid—infrared optoelectronic detector*: (i) Schematic diagram of the device structure and electrical con-
nections; (ii) The device exhibits photoresponses of equal intensity but opposite direction for lefi— and right—handed circular polarized light. ¢, Plas-
monic nanocircuits capable of circular polarized photodetection®: (i) schematic of the structure of the device and the energy band structure of the Ge
detector; (ii) Electric field distribution of the device under illumination with different handedness of circular polarized light; (iii) Output intensities of

the two channels at different polarization state ; and (iv) polarization—differential photocurrents.
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For the fabrication of superpixel detectors, inte-
grating different polarization—sensitive structures in
different regions of one detection material is a conve-
nient and common approach. In 2020, Li et al. * re-
ported the monolithic full-stokes near—infrared polar-
imetry with a chiral plasmonic metasurface integrated
graphene—silicon photodetector. The working wave-
length is 1550 nm. As shown in Fig. 5a, the same
metasurface, arranged in different orientations and
handednesses, is integrated with each of the four pix-
els. The four pixels share a common ground terminal,
i. e. the Si substrate. Based on the photocurrent val-
ues of the four pixels and an empirical algorithm, the
full Stokes parameters are reconstructed at one shot.
However, the root mean square errors (RMSEs) of the
reconstructed S,, S, and S;, which are 13%, 17% and
17%, respectively, are not sufficiently low for practi-
cal applications. In 2022, Dai et al. * proposed an on—
chip mid-infrared photothermoelectric detector with
PdSe, as the channel material. As shown in Fig. Sb,
the device integrates four metasurfaces with different
polarization dependent optoelectronic properties. In
the experiment, the average measurement errors for
Stokes parameters S,, S,, and S, were 14.2%,
15.2%, and 5. 4%, respectively.

In order to enhance the accuracy of full Stokes pa-
rameters detection, a proper formalism describing the
polarization—dependent photoresponses of metasur-
face—integrated photodetectors is required. In 2024,
Deng et al. "7 proposed the concept of an optoelectronic
polarization eigenvector (OPEV) The OPEV, which is
a 1x4 vector, expresses the linear relationship be-
tween the incident Stokes vector and the photocurrent
of a detector. As shown in Fig. 5S¢, each subpixel con-
tains an in—situ integrated plasmonic metasurface and
corresponds to a distinct OPEV. Combined with a ma-
chine learning algorithm, this polarimeter achieves
full Stokes parameters reconstruction over the entire
polarization state range at any light intensity, with a
root mean square error less than 1% for each Stokes pa-
rameter.

Using only anisotropic or chiral materials to form

full-Stokes polarimeters is an effective way to further

simplify the device structure (Figure 5d). In 2021,
Chen et al. ” proposed a self—powered, filterless on—
chip full Stokes polarimeter based on a monolayer
MoS,/few=layer MoS, homojunction. This design al-
lows a full-Stokes polarimeter without an additional fil-
ter layer. The RMSEs of the reconstructed Stokes pa-
rameters S,, S,, and S, are >5%, >4.8%, and >
6. 7%, respectively. It should be noted that this de-
vice is not a one—shot polarimeter, and it needs to be
rotated around the center axis of the sample holder dur-
ing operation. In the same year, Ma et al. ** reported a
full-Stokes polarimeter based on chiral Perovskites sin-
gle crystal ( (S— and R-MBA) ,Pbl,, where MBA =
C,H,C,H,NH,). It is important to note that, in order to
detect all the linear polarization parameters (S, and
S,), the incident light's tilt angle needs to be continu-
ously adjusted during testing. The average error of the
reconstructed Stokes parameters from this detector

ranges from 7. 5% to 26%.

4 Increasing the Perceptible Informa-

tion Dimensions of the Polarimeters

Polarization detectors are primarily used to sense
the polarization state of light, often overlooking other
fundamental properties of light such as wavelength and
phase. Expanding the information dimension that po-
larization detectors can perceive is an important devel-
opment direction.

4.1 Multidimensional Detection Enabled by a
Single—Pixel Detector

In 2022, Ma et al. ¥ first observed the bulk photo-
voltaic effect in twisted double bilayer graphene (TD-
BG) , which is induced by the moiré—induced strong
symmetry breaking and quantum geometric contribu-
tion. With the help of artificial neural networks, the
authors analyzed and reconstructed the photocurrent,
achieving simultaneous detection of the wavelength,
polarization, and power of light (Fig. 6a).

In 2024, Jiang et al. ** proposed a broadband mul-
tidimensional optoelectronic detector based on meta-
surfaces. As shown in Fig. 6b, the authors designed a
three—port device with differently structured metasur-
faces integrated into the graphene photodetector at

each port. By combining machine learning and the Ad-



10 EAND ST Qb e XX #:

a e

0 Gt )

Photocurrent (a.u.)

E d SL-MoS,/FL-MoS, Chopper

: j Full-Stokes Polarimeter ii P

: olarizer

E M2 Plale

V4 Plate (g Q N
Polarized Light S48 -~ \'5‘0 &
: % O

E s’

: -

H

B

K5 a, AT TS B EOTE R Y A1 S50 - E%%E’?TE%%‘?V‘{B‘J%%‘S (i) A PFE R R A2 1 R B 5 (i) %&#FEI’HJT“%?
A (SEM) IS ; (i) PUAST1RE5™ A WOC HL TR B i PR AR P . b, 2T PTE B P 204N B e M i R - (1) T
HIEE S HOFOE AR 5 (i) 3 LRI 2 AR D7 (2 /A 0 FIREBEE f o T B9 46K e, JE TG IRFRAE S & 0 R 14
BAE el IR s () SRR AT 22 2 3R B IAT (i) DGR HERE A rom. s e B d, (U0 Z4ERDRHY 2 FE ve 7 I
PRt A LR 2544« (1) 25T SL-MoS,/FL-MoS, 57 Jit 45 i) 2 & s r fii ik 31 5 (i) 2 T RSB 1 2 1T 4E v v i ik

B :Fig. 5 a, Graphene—Si full-Stokes detector integrated with chiral plasmonic metasurfaces': (i) Schematic of the device structure and electrical
connections; (ii) Scanning Electron Microscopy (SEM) image of the device; (iii) Polarization—dependent characteristics of the photocurrents generat-
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.54
perovskites™.

am optimization algorithm, the detector successfully
achieved the resolution of circularly polarized light in
the wavelength range of 1-8 pwm. In the same year,
Wang et al. 7 used two twisted black arsenic - phos-
phorus (b—AsP) homojunction to achieve polarization
and wavelength detection (Fig. 6¢). The responsivity
of the device is influenced by both wavelength and po-
larization state. The authors demonstrated simultane-
ous detection of both polarization and wavelength by
plotting the dependence of responsivity on wavelength
and polarization state. Zhang et al. ** developed a mul-
tidimensional optical information acquisition device
based on a misaligned unipolar barrier photodetector,
consisting of a b—AsP/MoS,/BP stacked structure (Fig.
6d). The b—AsP/MoS, and BP/MoS, heterojunctions
can be adjusted by a bias voltage, enabling the sensing
of both polarization and spectral information.

4.2 Metasurface Integrated Polarimetric Camer-

as

Integrating metasurfaces with commercial camer-
as combines the focal plane array technology with the
advanced optical properties of metasurfaces, providing
a new solution for high—precision detection of multidi-
mensional optical information.

In 2022, Fan et al. ™
nanophotonic light—field camera inspired by the opti-

introduced an innovative

cal structure of Trilobite eyes (Fig. 7a). This camera
incorporates a spin—multiplexed bifocal metalens ar-
ray, capable of capturing high—resolution light-field
images with an unprecedented depth—of-field range,
spanning from centimeters to kilometers. The metalens
array operates efficiently across a wide wavelength
range from 460 nm to 700 nm, achieving broadband
photonic spin—multiplexing in the visible spectrum.

In 2023, Zuo et al. * introduced a chip—integrat-

ed metasurface—based Full Stokes Polarimetric Imag-
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Structure diagram of a multidimensional optoelectronic detector based on a TDBG and a diagram of an artificial neural network™. b, Broadband multidi-

mensional optoelectronic detector based on metasurfaces™: (i) SEM image of the detector, with three ports integrated with metasurfaces of different

structures; (ii) Polarization—dependent photocurrent at wavelengths of 1.55wm, 4pum, and 7pm at the three ports. ¢, Multidimensional optoelectronic

detector based on twisted b—AsP heterojunctions’’

length—dependent responsivity at the two ports of the detector. d, Misaligned unipolar barrier photodetector™

: (i) Structural diagram of the detector and electrical connection diagram; (ii) Polarization and wave-

: (i) Structure diagram of the detector;

(ii) Polarization—dependent photocurrent under bias voltages of 0.4V and —0.4V.

ing sensor (MetaPolarlm) , which combines an ultra-
thin (~600 nm) metasurface polarization filter array
(MPFA) with a visible imaging sensor (Fig. 7b).
This sensor was fabricated using CMOS-compatible
processes, making it highly scalable for mass produc-
tion. The MPFA features a hybrid dielectric-metal chi-
ral metasurface design along with double-layer
nanograting polarizers, providing high polarization sen-
sitivity and accuracy. In practical experiments, the
MetaPolarlm sensor achieved measurement errors of
less than 2% for all Stokes parameters in red and green
colors under normal incidence.

In 2024, Fan et al. ® proposed an innovative con-
cept that leverages spatial and frequency dispersion at
optical interfaces to control polarization and spectral
responses in the wavevector domain, combined with
deep learning methods to decode polarization and spec-
tral information. They introduced a dispersion—assist-
ed multidimensional detector that enables the detec-

tion of high—dimensional optical field information in a

single measurement using a single device (Fig. 7c).
This system does not rely on complex designs or fabri-
cated metasurfaces, yet its performance matches or
even exceeds that of advanced commercial polarime-
ters or spectrometers. This research paves the way for
the practical application of high—dimensional optoelec-
tronic detectors.
Discussion and outlook

Integrated polarization detectors have achieved
notable progress, offering significant benefits in appli-
cations like improving image contrast and providing ad-
ditional information about targets. However, their de-
velopment encounters several challenges. For detec-
tors integrated with photonic structures, the reliance
on resonance restricts their operational wavelength
range. Similarly, polarization detectors based on het-
erojunctions face limited material choices and persis-
tent inaccuracies in Stokes parameter reconstruction.

The emergence of polarization detectors with inno-

vative features has addressed several challenges across
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Trilobite—inspired neural nanophotonic light—field camera with extreme depth—of—field™: (i) The optical microscope image amd SEM image of the bioin-

spired photonic spin—multiplexed metalens array. (ii) Conceptual sketch of the light—field imaging camera and the working principle of the system with

metalens array achieving spin—dependent bifocal light—field imaging. (iii) The rendered center—of-view images for LCP, RCP, and natural light. b,

Chip-integrated metasurface full-Stokes polarimetric imaging sensor™

polarization image of 3D glasses against an unpolarized background. ¢, Dispersion—assisted multidimensional photodetector®

ping of polarization and spectral information in single=shot imaging;

. (1) Image of full Stokes polarimetric CMOS imaging sensor. (ii) A full Stokes

: (i) Simultaneous map-

(ii) Schematic of the deep residual network; (iii) Detection of targets with multi-

ple polarization and wavelength information using the multidimensional spectral polarization imager.

different fields. In Table 2, we compare representative
high—performance integrated polarization detectors
with commercial counterparts. The results indicate
that in certain application scenarios, these high—per-
formance integrated detectors can outperform commer-
cial devices, demonstrating significant application po-
tential. In terms of response speed, the graphene—
based polarization detector utilizing the artificial bulk
photovoltaic effect is at least as fast as commercial po-
larimeters and can theoretically achieve an ultra—fast
mid—infrared response of 500 GHz. Its optical respon-
sivity of 27 V. W™

commercial photodetectors

surpasses that of some high—speed
(e. g., the Thorlabs
DXM20AF 20 GHz photodetector with a responsivity of
0.9 A W'). Meanwhile, the MoS, polarimeter, based
on optoelectronic polarization eigenvectors, achieves a
Stokes parameter reconstruction accuracy of less than

1%, whereas the polarization accuracy of commercial

typically around 1% (e.

PAX1000, Thorlabs).

In the infrared range, a major limitation of report-

polarimeters  is g,

ed polarization detectors with PER values of o/—% or
— 1 is the lack of characterization using blackbody
sources; instead, characterizations are typically con-
ducted with high—performance lasers to assess opto-
electronic properties. While lasers allow precise con-
trol over light source attributes (such as wavelength,
power, spot size, and high—frequency modulation) in
a laboratory setting, the resulting performance metrics
are primarily suited for applications like spectral mea-
surement, optical communication, or lidar. However,
in imaging applications, the main challenge is detect-
ing broad-spectrum, low—energy infrared radiation.
The ability to respond to blackbody radiation is a key
indicator of an infrared detector’s practical application

potential, and thus future research efforts should con-
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tinue in this direction.

Future advancements in device fabrication could
involve novel large—area, narrow-linewidth patterning
techniques, such as deep ultraviolet lithography and
nanoimprint technology, which can enhance the effi-
ciency of metasurface integration on detectors. On the
data processing side, the emergence of more sophisti-
cated artificial intelligence algorithms holds promise
for improving the efficiency of multi-Stokes parameter
reconstruction and high—dimensional optical informa-
tion processing. These advancements could significant-
ly reduce computation time and improve reconstruction
accuracy, paving the way for broader practical applica-
tions.

Conclusions

With the increasing demand for miniaturization
and intelligence, integrated polarization detectors have
become the primary focus of future polarization detec-
tion technologies. The development of these detectors
focuses on two main objectives: enhancing polarization
detection performance and incorporating new optical
dimensional sensing capabilities. Integrated polariza-
tion detectors have achieved extinction ratios as high
as infinity, while polarization—dependent balanced de-
tectors enable highly sensitive detection of the changes

in polarization state. These advancements allow for the

x2 EATEMHEMERSURIRRNS S RFGAXTLL

sensing of additional Stokes parameters and even other
dimensions of information of the incident light. De-
spite significant progress, challenges persist in device
design principles and fabrication techniques. Moving
forward, the adoption of innovative fabrication meth-
ods and materials will further elevate detector perfor-
mance. Additionally, integrating artificial intelligence
algorithms is expected to substantially enhance the effi-
ciency and accuracy of multi-Stokes parameter recon-
struction and the interpretation of high—dimensional

optical information.

Table 2 Comparison of integrated polarization detectors with innovative features and commercial devices

Gr/Au Gr/Au MoS,/Au MoS,/Au PAX
Materials ERM 200 DXM 20AF
antenna antenna antenna antenna 1000
15.6 27 0.4 0.5 . 0.9
Responsivity » . » » — 0.48 AW~ »
VW VW mA W mA W AW
Bandwidth 1.5 MHz 670 GHz 30 KHz 51 KHz 400 Hz 10 Hz 20 GHz
Noise 10 nV 20V 0.5 pA 0.53 pA
n n . . — — —
(HZfI/Z) P p
NEP 0. 64 124 1.7 28
(Hz™"?) nW pW nW pW
Dynamic Range
' # 107~ 10 0.07 ~3.06 — 5.7~13.3 107~ 10* — <10*
(LW)
PER o, -1 o, -1 o, -1 — — 104 —
Stokes S1, S2,
S1 S1 S3 S1, S2, S3 S1, S2, —
Parameters S3
NEAy,
n 0.02 — 0. 009 — — 0.01 —
(degree Hz ™)
Ref. 23 35 16 17 Thorlabs Thorlabs Thorlabs
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