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Abstract

The vector characteristics of light and the vectorial transformations during its
transmission lay a foundation for polarized photodetection of objects, which broadens
the applications of related detectors in complex environments. With the breakthrough of
low-dimensional materials (LDMs) in optics and electronics over the past few years, the
combination of these novel LDMs and traditional working modes is expected to bring
new development opportunities in this field. Here, the state-of-the-art progress of LDMs,
as polarization-sensitive components in polarized photodetection and even the imaging,
is the main focus, with emphasis on the relationship between traditional working
principle of polarized photodetectors (PPs) and photoresponse mechanisms of LDMs.
Particularly, from the view of constitutive equations, the existing works are reorganized,
reclassified, and reviewed. Perspectives on the opportunities and challenges are also
discussed. It is hoped that this work can provide a more general overview in the use of
LDMs in this field, sorting out the way of related devices for “more than Moore” or
even the “beyond Moore” research.

1 Introduction
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Visual inputs play a crucial role in how humans perceive the external environment, which
drives our long-term obsession of the information acquisition of light.l'- 2] From a large
perspective, light is an electromagnetic wave that contains several fundamental elements
such as intensity, wavelength, phase and polarization, while only the intensity within a
limited range of wavelengths (*390-760 nm) can be interpreted by us without the help of
external aids.[? 31 In the past few decades, people have gradually realized the importance of
multielement extraction of light. More extraction will provide us with more opportunities to
understand the world.

Unlike the first three scalar elements of light mentioned above, the polarization has vector
characteristics. Since human eyes do not have the ability to extract this vector information
directly, it is of great significance to compensate this defect by developing polarized
photodetection equipment containing advanced optical and computational science. Indeed,
the idea of designing polarized photodetectors (PPs) has already been proposed since the
early 1970s.1 3 After more than 50 years of development, the portable equipment with high
resolution and real-time response characteristics has been widely used in various fields,
such as astronomical observation, remote sensing, clinical and biomedicine, quantum
physics and so on.[®?! Figure 1 summarizes the development history of PPs briefly.['9-271 |t
can be seen that at early stages the prepared equipment usually requires complex optical
path at the expense of compact volume to spatially separate the different polarization state
information of the imaging target. This dilemma is not changed until the rise of micro/nano-
optoelectronics. By integrating many functions in space, the PPs have made the leap from

“equipment” to “devices.” Especially since the low-dimensional materials (LDMs) have
been widely concerned in the last decades, combing traditional working modes of PPs with
novel LDMs is expected to impetus this field to a new level of research.!'9-27]
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The development roadmap of PPs, with emphasis on the applications of LDMs in this field since 2000. Reproduced with
permission.[1 0-27] a) Reproduced with permission.[1 0] Copyright 1976, American Meteorological Society. b)
Reproduced with permission.[13] Copyright 2005, SPIE. c) Reproduced with permission.[‘I 3] Copyright 2011, SPIE. d)
Reproduced with permission.[1 6] Copyright 2011, OSA Publishing. e) Reproduced with permission.['I 7] Copyright 2017,
OSA Publishing. f) Reproduced with permission.[1 1] Copyright 1993, Elsevier. g) Reproduced with permission.['I 2]
Copyright 2002, SPIE. h) Reproduced with permission.[M] Copyright 2007, SPIE. i) Reproduced with permission.[1 8]
Copyright 2023, SPIE. j) Reproduced with permission.[zo] Copyright 2011, Springer Nature. k) Reproduced with
permission.[zz] Copyright 2015, Springer Nature. I) Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[24] Copyright 2020, The Authors,
published by Springer Nature. m) Reproduced with permission.[zs] Copyright 2020, American Chemical Society. n)
Reproduced with permission.[‘I 9 Copyright 2001, American Association for the Advancement of Science. o) Reproduced
with permission.[21] Copyright 2011, Springer Nature. p) Reproduced with permission.[23] Copyright 2019, Elsevier. q)
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license
(https://creativecommons.org/licenses/by/4.0).[26] Copyright 2020, The Authors, published by de Gruyter. r)

Reproduced with permission.[27] Copyright 2022, Springer Nature.

In contrast to the morphology of bulk materials, the volumes of LDMs are usually
constrained within a limited space, formulating the types such as 2D materials, 1D
nanotubes/wires, or 0D quantum dots, etc.[?8-321 Recently, with continuous development in
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material preparation and processing, LDMs also show diversification in shape. For example,
the quantum dots/nanotubes in a Russian-doll type or the nanoribbons, -meshes, -cones
with other special morphologies have appeared one after another.[32341 Sometimes the size
of the LDM does not need to be confined to the atomic level if we want to highlight certain
aspects of the device functions.3> 3¢l

Generally speaking, LDMs exhibit the advantages in photodetection as follow:

First, the sub- or nanometer size in the geometry of LDM results in an insufficient Coulomb
screening, which leads to a strong quantum confinement enhancement and forms much
stable hydrogen-like bound electron-hole pairs (so-called excitons). This is the basis for
LDMs to have strong light-matter interactions. Accordingly, LDMs present remarkable
linear/nonlinear optical responses, high-efficiency hot carriers transport and ultrafast
charge/energy transfer rates.3-421 Second, LDMs are easy to be composited or integrated
with other materials because of the rich morphology and small size. Both the energy bands
and interfaces can be engineered easily. On the one hand, due to the abundant energy band
structures, suitable LDMs can be selected to regulate the spectral response range of devices
by composing the homo/heterogeneous junctions.[*34°1 On the other hand, the high specific
areas of LDMs highlight the influence on the properties by the surface defect states or the
local fields.[6: 471 |t makes the photodetectors more advantageous in many aspects,
including response spectrum (UV-THz), response speed (>GHz), detectivity (>1 0'9 Jones),
room-temperature operation, than those of their bulk counterparts.[*8->% Third, LDMs
present intrinsic abilities to identify linearly/chiral polarized light, showing high polarization
selectivity which is an important factor in PPs. By constructing the junctions, or combining
LDMs with fibers, resonators, waveguides, metasurfaces or other structures, the LDMs-
based PPs (LDPPs) exhibit extremely high extinction ratios, which may overcome the
problems caused by the signal crosstalk or bulky volume in traditional device structures.>"
>2] Benefiting from these advantages, developing LDPPs is expected to be effective to push
traditional PPs to miniaturization, integration, multifunctionalization and intellectualization
in the future (Figure 1).

In this review, we pay more attention to the pivotal role of LDMs as photoelectric conversion
units in PPs, mainly focusing on the polarization mechanism, state-of-the-art research
progress, and the challenges and opportunities. Although there exist reviews on polarized
optoelectronic properties of LDMs and their corresponding applications, most of them are
usually limited to a selected type of LDMs and lack a systematic description of polarized
photodetection from a more focused perspective. Besides, the relationship between
traditional working principle of PPs and polarized photoresponse mechanisms of LDPPs is
also discussed insufficiently, which confuses the classification of existing devices. Therefore,
it is necessary to reorganize and review the existing works in detail.

Different from the previous reports, to systematically understand the mechanisms for the
polarized photoresponse of LDPPs, we start with the discussion of constitutive relation with



the inclusion of nonlinear terms first. The electric fields E(t) can be written as®3->°]
E(t) = Egc + B (w)e ™ + B (w)e™ (1)

where Eq4 is the static electric field corresponding to the direct current (dc), and £(w) is the
light field at circular frequency w. The static current density J(jc can be written as
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Here, the o7 (0), 0@:#m (4, —w), and ¢® %M (0, w, —w) are dc conductivity, second-
order conductivity and third-order conductivity tensors, respectively. The subscripts i, j, k, m

= {x, y, z} represent the Cartesian coordinates.

Furthermore, we can abbreviate the Equation (2) as
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Under light ilumination, the current changes in Equation (3) come from the latter two terms,
which are fully determined by the nonlinear conductivities tensors o and o®). When these
components show anisotropy for different direction of the dc field and light field,

AJi = AAc" - E) + 6P EE +--- = AcAE - E} + ¢®EE + - - ., the detectors can
achieve a specific response to polarized light.

Based on the origin of currents, the LDPPs can be divided into three classes: the type of
anisotropic linear photoconductivity (Ao), anisotropic photoexcitation (AE) and high-order
nonlinear photoresponse (0*?EE, type |, Il and Ill for short, See Section 4 for more details).
This classification can effectively take into consideration the vast majority of existing devices.
After that, we introduce the state-of-the-art works, mainly focusing on their performance
comparisons between different type of devices. At last, the challenges and opportunities, as
well as the perspectives currently faced in this field are listed. We hope this review can
provide beneficial reference to the development of LDPPs.



2 Polarized Photodetection Mechanism

Practical usage of LDMs in PPs requires the following three points to be sorted out in order:
the working principle of PPs, photoresponse mechanisms of LDMs, and physical basis for
their polarization-dependent characteristics. This chapter will mainly discuss from these
three points.

2.1 Working Principle of PPs

Light is a transverse electromagnetic wave in free space, which propagates orthogonally to
both directions of electric field and magnetic field. For any light beam, its polarization state
can be described mainly by four interchangeable representations: trigonometric function, H-
Poincaré sphere, Jones calculus, and Stokes calculus. Among them, the Stokes calculus
attracts more attention due to its explicit description of the polarization states of light and
convenient extraction in experiments by the full Stokes measurement.[? 354 |n brief, here
we assume that the light travels in z direction and we decompose it into a vector
superposition of two linear polarized light perpendicular to each other (x and y directions
with amplitudes of Eqy and Eqy) with a fixed phase difference x. Then, we can define the
Stokes vector (So, S1, S», S3)" with four Stokes components as follows (Figure 2a)
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a) Different descriptions of vector characteristics of light and the applications of related PPs in different areas. The

center depicts a mantis shrimp with compound eyes, which has the ability to detect polarized information. b) PPs of
different configurations, including the division-of-response period (DRP)/-amplitude (DA)/-wavefront (DW) and -focus
plane (DFP) types. The T, FL, R, GP, PR, WP, PD and G represent the target, focus lens, reflector, Gran prism, polarizer,

wave plate, photodetector and grating, respectively.

The lo, 145, 190, 1135, I, and Irg here represent the intensities of linear polarized light at
different polarization states (the subscript number means the included angle with the x-
axis), and the left/right (L/R) circular polarized light intensities, respectively. This vector can
completely describe the polarization state of a light. As the light passes through a specific
optical element, its vectors before and after the element are connected through a Stokes—
Mueller vectorial transformation as Sout = M - Sin, and the M is a 4 x 4 Muller Matrix with
real elements.[> >4 Furthermore, based on the four Stokes components, other parameters,
such as degree of polarization (DOP), can also be defined, which are usually used for
specifically analyzing the polarization characteristics of light (Table 1 for details).

Table 1. Parameters related to the polarization-dependent characteristics of light

Parameter Expression % Value range
Degree of polarization DOP — P — \/512+5—22+5§/50 0<P<1
Degree of linear polarization DOLP = P, = 1/S? + 83/ S0 0< P, <1
Degree of circular polarization DOCP = Pc = S3/ S0 0<Pc<1
Angle of polarization AOP = 6p = 112 arctan % - % < 0p < %
Angle of ellipticity AOE =6, = % arcsin vﬁm -7<6.< %

a) The S, S1, S2, S3 are Stokes parameters related to the intensity of polarized light. See Figure 2a for the

specific expressions.

It can be seen from the Equation (4) that the electric field amplitudes (Eoy, Eqy) and fixed
phase difference y are critical for describing the polarization information of light. And we
can also simplify the Stokes components in the vector by arithmetical operations between
light intensities of different polarization states, which can be further measured in
experiment by a combination of beam splitters, wave plates, polarizers and detectors. For
example, suppose that a light from a target passes through a number of optical elements
and strikes a detector (Figure 2b). The intensities of light with different polarization states at
the image point are easy to measure, so the corresponding Stokes vector (So.t) and other



polarization information such as DOP are available. By further measuring these spatial-
dependent parameters, the imaging of polarization information of a certain scene at its
image space is obtained. Since the Mueller matrixes (M) are known for the given optical
elements, the polarization imaging of the target at the object space (Sj,) can be derived
accordingly. Significantly, the Syt and S, are usually equivalent in experiment, so we can
only care about the spatial-dependent S,; in most cases.[°°!

According to the above idea, different ways have been tried and different configurations of
PP systems, including the division-of-response period (DRP)/amplitude (DA)/wavefront (DW)
type, have been designed in the past few decades (Figure 2b).['9-18.57-611 However, the PP
equipment rather than PP devices are called in these configurations due to the complex
optical paths and huge volumes. The compact design of related systems has always been
the focus of attention in this field. Examples of the compact model for polarized
photodetection can be found in real life as references, such as the visual system of mantis
shrimps.[62 631 By considering the compound eyes as vertically stacked photodiodes, it can
be found that the crystalline cone, parallel-aligned microvillis and rhabdom cells respectively
realize the functions of focusing light spots and filtering, polarization sensitivity and spectral
discrimination in a compact space (Figure 2a). Inspired by this, the PPs with division-of-focus
plane (DFP) configuration were designed.[4%%] The polarization filters and detection
elements are effectively integrated together here, pushing the PP “equipment” to

“devices.” The LDPPs are mainly developed on this basis. By replacing the traditional
probe units with LDMs-based detectors with polarization-dependent characteristics, the
integration of the PPs is expected to be further improved. However, a test system in practice
should also take into account the hardware optimization, software development and
advanced algorithms and so forth. More contents about the device signal calibration and
denoising can be found in these references.[>6 67-701

2.2 Photoresponse Mechanisms of LDMs

Photoresponse describes processes in a material that convert the incident photons into
carriers or currents. Much work has reported on the related mechanisms of LDMs, and the
corresponding photodetectors have also been classified as photonic- or thermal-induced
types.l’1: 721 Differently, in this review we classify the mechanisms into linear and nonlinear
types based on the constitutive equation, which may reveal the physical consequences of
the light excitation in the photoresponse more clearly, and facilitate to clarify differences
and establish connections between different types of LDPPs.

Compared with the nonlinear counterpart, the change of linear conductivity under light
(photoconductivity, Ad™V) of a material is generally more influential in terms of its current
generation. From the constitutive equation, the Ad" can be understood as

(5)



Considering the complex relaxation processes in crystals, the conductivity change can also
be understood in a different way: the light induces carrier density changes An, which is
proportional to the light absorption, or the real part of the photoconductivity Re[Ad(w)].
The additional carrier density leads to the changes of dc conductivity Ad") and finally A/ =~
Ad". Based on this, numerous mechanisms, such as photoconductive effect (PCE),
photogating effect (P-GE), photobolometric effect (PBE), photovoltaic effect (PVE),
photothermoelectric effect (PTE) and photo-Dember effect (PDE), etc., are investigated.[’3-76]
The difference is that a bias is required to generate a directional current in the former three
processes, while the latter can directly induce the current without an external field, which is
dominated by whether a uniform or a space-dependent AdV is caused by the incident light.
The type-ll band alignment, gradient Seebeck coefficients and carrier diffusion coefficients
are key factors in the latter three processes respectively.[’3761 On this basis, we can also
divide the photodetectors into bias-dependent and zero-bias types, as shown in Table 2.
Interestingly, on closer inspection at the constitutive equation in our review, we can find that
the linear photoconductivity here is actually determined by the product of third-order
nonlinear conductivity and light intensity. This does not contradict the description
abovementioned, but rather hints at some novel physical processes, such as photocurrents
that may analogous to be induced by the Hall effects.

Table 2. Photoresponse mechanisms
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a) To distinguish the photogating effect and photogalvanic effect in expression, we abbreviate the former as P-

GE and the latter as PGE here.

In addition to the effects of light on the linear photoconductivity of a material, the second-
order nonlinear terms in the constitutive equation is also important for current generation
under some circumstances. Here we mainly introduce some representative second-order
nonlinear mechanisms, such as photogalvanic effect (PGE), photon drag effect (PDE) and
bulk photovoltaic effect (BPVE).”7-7?] These physical processes can be induced by many
factors, but the lattice symmetry of materials and the incident directions and polarization
states of light usually need to be considered. As soon as the product of (¢"-EE) with third-
rank tensors is not zero under certain circumstances, the nonlinear photocurrent without a
bias voltage will be generated. To further describe the characteristics of the above
mechanisms in detail, the relevant definitions and formulas are summarized in Table 2.



The above mechanisms are universal to most materials, but they may become more obvious
in LDMs due to the unique properties such as reduced screening and enhanced quantum
confinement.[8% 811 Because LDMs are affected by surrounding environment easily, the local
symmetry breaking of lattices and interfacial defect states may also lead to interesting
photoresponse.[% 831 |n addition, it should be noted that the process for generating
photocurrents of a material is complex, and the mechanism is by no means limited to the
categories described above. For example, the photoelectromagnetic effect, magneto-
concentration effect and other effects have also been reported in LDMs-based detectors.8+
881 Under some special conditions, multiple mechanisms may combine to cause the
photoresponse of a material. Therefore, in most cases only the dominant factors induced in
photodetectors are discussed, and the devices should be designed with special
configurations to achieve some certain functions.

2.3 Polarized Photoresponse Mechanisms of LDPPs

After introducing the mechanisms of LDMs' response to light, it is ready to further discuss
the polarized photoresponse origins of related LDPPs. By referring to the above-mentioned
constitutive equation, the change in photocurrent density excited by different polarized light
can be expressed as

(6)

Then, the mechanisms affecting the polarized performance of existing LDPPs can be divided
into three types: the type of anisotropic linear photoconductivity (Ag, type 1), anisotropic
photoexcitation (AE, type Il) and high-order nonlinear photoresponse (o'?-EE, type Ill)
(Figure 3).
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Classification of LDPPs from the perspective of constitutive equation.

Type-I LDPPs require a material possesses anisotropic photoconductivities (Ao) excited by
light with different polarization states. For this type, the optical elements to modulate
polarization states before the photodetector is not necessary. Taking the black phosphorus
(BP) which is a typical anisotropic 2D material as an example, it can exhibit obvious
anisotropic optical absorption along its zigzag/armchair directions, and further induce
diverse Ao for different light polarizations.[8% 291 By contrast, type-ll LDPPs focus more on
the anisotropic modulation of light field (AE) through external factors. For example, when
the sub-wavelength grating structures are prepared on the surface of a 2D material, the
material may also anisotropic due to the different modulation abilities of these structures on
incident electromagnetic waves with different polarization states.?* °11 For better
performance, sometimes the type-l and Il LDPPs can be realized in one configuration. In
addition, the nonlinear effects of LDMs are also significant under some special conditions,
which gives rise to the type-Ill LDPPs. The tensor properties of the nonlinear conductivity
naturally lead to the polarization-dependent properties of devices. The detailed descriptions
including the principles, state-of-the-art LDPPs and characteristic analysis for each category
will be introduced in Sections 8-10.
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It should be noted that whether the LDPPs respond to circular or linear polarized light is
without discriminating here because in most cases they have similar mechanisms despite of
the slightly different influence factors. To avoid duplication, we mainly focus on the response
of materials to linear polarized light in this review. The response to circular light of LDMs will
be focused on in Section 11.

3 PPs Based on LDMs

In this section, we will first introduce the parameters for valuing the performance of
photodetectors. And then, the representative LDPPs and their characteristics divided
according to the above discussions will be described. Specifically, the LDPPs responded to
linear polarized light will be mainly concentrated in Sections 8-10, and the devices response
to circular polarized light are focused on in Section 11.

3.1 Figures-of-Merit for PPs

There are many parameters to evaluate the performance of photodetectors, and they can
be classified into two classes: the intensity-related and sensitivity-related parameters.? The
first class includes parameters such as photoresponsivity (R) and on/off ratio (R*), which
reflect the photoresponse intensity of a device caused by incident lights. For discrepant
working mechanisms, they are defined under a given bias. The R and R* can be defined at
zero bias for PV device due to their self-powered characteristics, while a small bias is usually
needed for PC detectors. In addition, as two important parameters affecting R and R*, the
external quantum efficiency (n, EQE) and photoconductive gain (G) are also widely used to
characterize the photoresponse intensities of the devices. On the basis of the definition of R
and R*, and the formula, where Iy, "'and e are the photocurrent, number of absorbed
photons per unit time and electron charge, it can be found that the higher the quantum
efficiency and gain, the higher the optical response.’ %4 The second class includes
sensitivity-related parameters, such as the noise equivalent power (NEP), specific detectivity
(D*), response/decay time (Tyise/ Tra1), @and cut-off frequency (f.), which describes the
sensitivity of a detector to the optical environment. The former two parameters describe the
ability of a device to detect weak signals, while the latter ones reflect the response speed to
an optical pulse. Significantly, most of these parameters are wavelength-dependent, so they
need to be discussed at a certain spectral band.

Apart from the above parameters usually concerned in conventional photodetectors,
another critical parameter for PPs is the anisotropic ratio (6).1'?! Although there are different
expressions in literature, it is uniformly expressed as the ratio between the maximal and
minimal photocurrent () caused by different polarized light here to facilitate the

performance comparison between different devices. & is directly related to the ability of PPs
to resolve the polarization information. The larger the value, the larger the extinction ratio of
the device, and the better the device can distinguish the information differences. Taking the
calculation of DOLP as an example, if the anisotropic ratio of a device is reduced from 100 to



10, its polarization information resolution will be reduced by =17% accordingly. A device
with high &is more likely to obtain the polarization information of object which is less
susceptible to environmental interference. To obtain a polarized image with ideal spatial
resolution (>0.8 of DOLP for instance), the anisotropy ratio generally needs to be larger than
10 in practice.

In order to further describe the characteristics of the above parameters, the definitions and
expressions are summarized in Table 3 in detail. It should be noted that there is no unified
standard for measuring the above parameters of LDMs-based photodetectors for a long
time, which leads to the performance deviations between the actual values and the reported
ones. Just recently, Hu's group has systematically introduced how to characterize the figures
of merit of 2D photodetectors, which can also be a reference for measuring other LDMs-
based devices.??]

Table 3. Key figures-of-merit for PPs

Type Parameter/Units | Expression | Description

Intensity- Photoresponsivity R is defined as the ratio of the photocurrent
related o (Ipn) to the power of incident light (P). loh is
parameters (R, AW the current difference of device before and

after illumination, shown as .

On/Off Ratio R* reflects the ratio of photocurrent to dark
current.
[R*, -]
Photoconductive G evaluates the ability of generating multiple
gain carriers by a single incident photon, where

Tlife and Tiran are the life time and drift transit

G, - . .
(G- time of the photogenerated electrons/holes in
channel, respectively.
External quantum n is the number ratio of the collected charge
efficiency carriers to the photons illuminating the device
that produce the photocurrent, where h, ¢, g
[ -] and A are Planck constant, speed of light,
electron charge and wavelength of incident
light, respectively.
Sensitivity- Noise equivalent NEP is the minimum light signal power that

related power can be detected or distinguished from the

R i S f_ a1

R



a) There are two definitions of anisotropic ratio (8). In order to ensure the uniformity of full-text data

comparison, here we totally describe it as IM/Im. The larger the value, the higher the DOP of the device.

3.2 Overview of the Characteristics of Different Types of LDPPs

Among all LDMs, 1D/2D materials with intrinsic in-plane anisotropy have natural advantages
in polarized photodetection. Referring to the configurations of conventional DFP-PPs, the
large-area, uniform 1D arrays or 2D films are potential materials in device manufacturing.[°®
%8 The anisotropic crystal structure of a material makes its many properties anisotropic,
including the linear/nonlinear photoconductivities, carrier mobility and effective mass, etc.
This can also be understood by anisotropic selection rules, which is mostly determined by
the inversion or mirror refection symmetry.?% 21 |n order to describe such anisotropy in
detail, the in-plane conductivities of a material in perpendicular directions (gy,g,) can be
extracted by means of semiclassical Drude model and spectral measurements.[190 191 Then,
the absorption coefficient, refractive index, energy loss coefficient, etc. can be obtained
accordingly.l’3 741 The anisotropic parameters are basis for polarization sensitivity of type-|
LDPPs. Thanks to the clear mechanisms involved and simple device configurations, such
type has attracted much attention in the past decade. Nevertheless, the intrinsic low
anisotropic ratios (6 < 5) and lacking of the ability to detect linear/circular polarized light
simultaneously are the main obstacles to further development of them.

Different from type-l LDPPs where the polarization-dependent photoresponse of a LDM is
the key ingredient to realize polarized photodetection, type-ll LDPPs depend on the
regulation of incident light with a specific polarization state. A common feature is to
attenuate the light intensity for unwanted polarization component, which can be easily
realized by attaching a polarizer before the surface of the photosensitive material. Thus, the
optical components with the ability to modulate electromagnetic field performance, such as
the metasurfaces, resonators and waveguides etc., are usually added in the type-Il LDPPs.
Because of the excellent properties and flexible working modes, such device especially the
one integrated with metamaterials is considered most promising for practical applications in
the future. However, an age-old problem to be solved is the accurate, high-speed fabrication
of some certain, refined micro/nanostructures, which is difficult for optical components
especially used in the visible or the ultraviolet spectral range.l'%?]

The above two types are developed on the basis of the linear relationship between current
density and conductivity/electric field intensity. They are prevailing in polarized
photodetection of LDMs at present, while the detectors based on the nonlinear response
effects are less studied. These nonlinear phenomena are mainly caused by interaction of the
carriers with multiple photons, which leads to a directional transmission of them and a self-
driving current without bias voltage. In this case important issues are the material
symmetry, polarization states of light, and incident angles. Because the morphologies of



LDMs are affected easily by environment, the symmetry-breaking of substrates and the
edge/topological surface states, defects or lattice fluctuations of materials can also result in
the nonlinear response.[®?! This is the basis on which we can apply these effects to type-llI
LDPPs. They are not limited to the LDMs but can be stronger than their bulk counterparts
due to the fire-new induced mechanisms, high nonlinear coefficients and efficient light-
matter coupling. These nonlinear interactions bring promise for detectors working in new
modes, as shown by the fact that a topological material can be excited to generate
photocurrent with photon energies smaller than the bulk band gap.l'93 %4 However, the
weak current signals caused by the inconspicuous nonlinear interactions may usually be
drowned out by ambient noises. Meanwhile, due to the relative strict conditions for exciting
nonlinear current, how to combine the traditional detection model with existing excitation
conditions is also a problem that needs to be considered. These problems set up obstacles
for the practical applications of type-Ill LDPPs in the future.

In addition, it should be noted that 0D materials, mainly including quantum dots, fullerene,
nanocrystals, etc., are not mentioned as typical materials in the polarized photodetection in
this review. This is mainly because their isotropic lattice structures or disordered
distributions make them rarely exhibit polarization-dependent photoresponse, although
sometimes their chirality or high-order nonlinearity may play a role.l'%>1971 However, due to
their strong quantum confinement, high light absorption, large specific surface area and
tunable size-related band structure, etc., great flexibility in device performance regulation
has been presented.l'%8110 More relevant works will be mainly discussed in Section 13.

3.3 Type-I LDPPs

1D nanowire or nanotube is one of the most representative materials applied to the type-I
LDPPs. Considering the light-matter interaction, 1D materials as a whole exhibit intrinsic
anisotropy even though it can have an isotropic lattice at the atomic scale. As early as 2001,
Lieber's group has prepared a photodetector based on an isolated 20-nm diameter InP
nanowire. The photoresponse can hardly be seen when the polarization direction of light is
perpendicular to the wire. Calculated from the Maxwell's equations, the electric field
intensities are found attenuated strongly at this moment and the light that parallel to the
wire is unaffected, leading to an anisotropic ratio (&) as high as ~21 (Figure 4a).['®! This work
pioneers the polarized photoresponse research of 1D materials. Subsequently a lot of
attentions have been paid to them or even their compounds. As an example, Sun's group
investigated the polarization dependence of carbon nanotubes in 2015. Under excitation of
electromagnetic waves at 2.52 THz, the detector exhibits an anisotropic ratio of =1.43
(Figure 4b).l"""1 In recent years, with the rapid development of material preparation and
processing, large-area 1D arrays and subwavelength gratings have been fabricated.['12-114]
They are usually anisotropic as well, which makes them effective complements to
photosensitive materials in LDPPs. However, the main factors of polarized photoresponse of
these materials are not consistent with changing their diameters. When the diameter is



small enough, the quantum confinement plays a major role in the polarized response; when
the diameter increases gradually, the polarization dependence mainly depends on its
modulation of the light field. Therefore, the devices in these two different cases should
belong to different types, and whether the quantum confinement is obvious is the main
criterion to judge. To avoid repetition with previous reports, more 1D materials-based PPs

are listed in Table 4. The related parameters are also compared for reference.['? 2491, 111,
115-144]
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Open in figure viewer | ¥PowerPoint
Typical examples of type-l LDPPs. a) Schematic, optical picture and anisotropic photoconductive gain of an individual InP
nanowire device. b) Optical picture and normalized polarized photoresponse of a double-walled carbon nanotube
photodetector. c) Optical image and polarized photocurrent maps of the BP photodetector with a ring-shaped collector.
d,e) Schematics and polarization-dependent DoLP image/strain-induced photoresponse of the Te/MoS photodetectors,
respectively. f) Schematic, optical picture and the anisotropic extinction spectra, plasmon dispersions of a WTe flake. g)
Schematic, optical picture, near-field amplitude images and the corresponding Fourier transform pictures of a MoO3
disk. a) Reproduced with permission.['I 9 Copyright 2001, American Association for the Advancement of Science. b)
Reproduced with permission.[1 1] Copyright 2015, Optica Publishing Group. c) Reproduced with permission.[zz]

Copyright 2015, Springer Nature. d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0
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International license (https://creativecommons.org/licenses/by/4.0).[‘I 74] Copyright 2020, The Authors, published by
Springer Nature. e) Reproduced with permission.[23] Copyright 2019, Elsevier. f) Reproduced under the terms of the CC-
BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[191]
Copyright 2020, The Authors, published by Springer Nature. g) Reproduced with permission.[‘I 92] Copyright 2018,
Springer Nature.
Table 4. Performance comparison of 1D-PPs (the 1D-PPs specifically refer to the polarized
photodetectors based on 1D materials and their arrays)

Type Materials Bandgap Response RIAW-] A Ref.
[eV] band [nm]
Nanotube Double-walled - 118.8 x 1.6 x 1072 1.43 [111]
carbon 103
Single-walled carbon 0.46 1500 - 177 [115]
Nanowire InP - 488/514 3000@514 21.2 [19]
nm @)
GaN 3.4 254 - 1.38 [116]
CdSe 1.74 350-740 0.3@400 nm 7 [117]
Zn0O - 514 - 1.16  [118]
NbN 650 - 1.06 [119]
Ge 0.8 1550 - 1.6 [120]
ZnTe 2.26 300-500 1.87 x 3 [121]
10°@532 nm

TaS3 1.13 532-1097 2500@808 4 [122]

nm
Nb(1-x)TixS3 1.13 200-1400 2978@633 1.75  [123]

nm

a)  The value after the symbol @ represents the specific wavelength associated with the photoresponsivity and

anisotropic ratio of the device. Table 5 and Table 6 are also expressed in the same format.

As another kind of representative, in-plane anisotropic 2D materials have also been widely
used in type-I LDPPs recently. For example, Cui's group verified the broadband polarization
sensitivity of few-layer BP in 2014 (Figure 4c).[??l The maximum anisotropic ratio () can
reach =4.114>1471 However, the instability of BP in air greatly limits its applications and the



study for substituting it with stable ones is continuing. Up to now, more than 30 kinds of
anisotropic 2D materials have been reported and they are mainly concentrated in triclinic,
monoclinic and orthorhombic crystal systems.['8-177] Their response spectra cover a wide
range from ultraviolet to mid-infrared bands. In principle, all of these materials are potential
to be used in polarized imaging, but it was not until 2020 that Tong et al. experimentally
verified the feasibility with a few-layer Te material (Figure 4d).['”4] By means of a scanning
detection technique, they obtained the polarized image of a designed target by means of the
space-dependent DOLP in obscured conditions for the first time. Despite the poor spatial
resolution due to the low anisotropy ratio (& < 8), it greatly pushes the practical applications
of anisotropic 2D materials in this field. In addition to the intrinsic materials above-
mentioned, the anisotropy can also be designed artificially by applying stress in one
direction in the plane of a material to reduce its spatial symmetry. In 2019, Tong et al.
observed the polarized photoresponse in an otherwise isotropic monolayer MoS, by this
method. It also provides a universal scheme for the performance control of PPs (Figure 4e).
[23] Table 5 summarize the performance of current 2D materials-based LDPPs in detail.[14%-
17711t can be found that the anisotropic ratio (&) of these devices are mostly low (usually <5),
and how to improve the values is still one of the key problems that need to be concerned.
Several ways such as preparing composite structures, building van der Waals (vdW)
materials or applying local fields have been implemented, and searching for new natural
materials with outstanding anisotropic properties is still a hotspot.l'’8181 To keep
systematic of this article, the discussion about modulating device performance will be mainly
concentrated in Sections 11 and 13.

Table 5. Performance comparison of 2D-PPs (the 2D-PPs specifically refer to the polarized
photodetectors based on natural anisotropic 2D materials)



Type Materials Bandgap Response band [nm] RIAW—T] (Trise/

[eV] Tfall, MS)
Orthorhombic CaNb>Og 3.85 280-400 - 1000
PdPSe 1.46 405/808 5.07 x 0.1/0.44
103@808 x 106
nm
SnS 1.38 450/638/808/1064/1550 3.1 x -
102@450
nm
Sbh,Ses 1.2 400-1100 0.18@1050 144/96
nm x 103
GeSe 1.1-1.2 400-950 4.25@808 -
nm
BP 0.33 1100-1700 1.5 x 40
10~3@1700
nm
PdSe, 0.03 300-1100 14.5@369 3.2/3.8
nm x 106
Ta,NiSes 0.36 400-1064 44@1064 98/82 x
nM 1 ﬂ3 v

»

In addition to the above work, the study of photoelectric anisotropy of materials by exciting
other quasi-particles, such as plasmons or polaritons, has also attracted a lot of attention
recently. The plasmons are known as collective oscillations of electrons, and the polaritons
are coupling between photons and phonons in polar materials or photon-exciton hybrids in
cavities (phonon/exciton polaritons).l'82-184 Benefit from the light-matter interaction, the
excitation of these particles helps to miniaturize the device sizes, which is significant
especially in the infrared and THz bands.!'8>187] Different from the isotropic counterparts,
the anisotropic 2D materials present advantages in directional propagation of these quasi-
particles. If the product gy g is less than zero in some certain bands, the isofrequency
surfaces of extraordinary waves will be reshaped as hyperbolic, further leading to the
anisotropic quasi-particles.['8-1901 For example, in 2020 Wang et al. first observed the
anisotropic plasmons and their elliptic—-hyperbolic transitions in WTe; films (Figure 4f).[1911 A
little earlier, the anisotropic polaritons in natural a-MoO3 were also observed by Ma et al.
(Figure 4g).['%? Interestingly, by designing and patterning the nanostructures on the surface
of some 2D materials, the transport behavior of these quasi-particles can be further



governed.['93.19411n 2022, Zhang et al. experimentally observed the extremely asymmetric
and unidirectional excitation of polarions in a-MoOs flakes with blazed nanograting
structures, which presents important potential in on-chip photonics.['®4 Despite of
significant progress, great challenges remain if these quasi-particles are excited for
photodetection in practice. The first thing that needs to be considered is how to make these
particles work in traditional light paths rather than just observe or modulate them in the
near field. Exciting hybrid modes in specific device configurations is proven effective.[19>-197]
Second, finding easier methods to match momentum between the incident light and
plasmons/polaritons is another critical issue in the development of this field.[197-200]
Although enormous difficulties may be faced, the attractive properties of anisotropic 2D
materials still make them promising for polarized photodetection.

3.4 Type-Ill LDPPs

Different from the intrinsic anisotropy of LDMs in type-I LDPPs, the polarization-dependent
photoresponse of type-Il LDPPs is mainly caused by the modulation of light field of LDMs by
external factors. One kind of representative devices are based on the 1D material arrays or
subwavelength grating structures prepared on the surface of 2D material films. Here, the
guantum confinement and quasi-particles excitation (plasmons/polaritons) are not required.
The polarized photoresponse of LDMs only depends on the limited transmission, reflection
and diffraction of electromagnetic wave in the structures. The parameters such as the
anisotropic equivalent refractive indexes (n,, n,) are usually introduced to describe this
process.[201.20211n 2017, Jiang's group prepared the 1D perovskite single-crystal arrays with
strict orders by using a solution-processing method.[°"l The average width of these 1D arrays
is about 510 nm and the largest anisotropic ratio can be 2.6 (Figure 5a). In another work,
Zou et al. prepared the high-quality graphene grating films with 780 nm period by using a
femtosecond laser plasmonic lithography technique (Figure 5b).[241 By further optimizing the
morphology parameters, the devices realized tunable polarized photoresponse and
birefringent in the visible band.[2%3!
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Open in figure viewer | ¥PowerPoint
Representative studies of type-Il LDPPs. a,b) Schematics, optical pictures and polarization-dependent
photocurrents/optical absorption of the 1D perovskite nanowire arrays/ graphene nanogratings. c) Schematic and full-
Stokes polarimetry of a photodetector integrated with the 2D thermoelectric material and chiral metamaterials. d,e)
Schematics, optical image and polarization-dependent photocurrent/photovoltage of a photonic-crystal-cavity
integrated MoTe) photodetector/twisted bilayer graphene in total reflection mode. a) Reproduced with permission.[91]
Copyright 2017, Wiley-VCH. b) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0
International license (https://creativecommons.org/licenses/by/4.0).[24] Copyright 2020, The Authors, published by
Springer Nature. ¢) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license
(https://creativecommons.org/licenses/by/4.0).[2°9] Copyright 2022, The Authors, published by Springer Nature. d)
Reproduced with permission.[213] Copyright 2021, American Chemical Society. e) Reproduced with permission.[217]
Copyright 2016, Wiley-VCH.

In addition to the device configurations mentioned above, combining LDMs with periodic
micro/nanostructures is also effective to implement type-Il LDPPs. Ever since Powell et al.
confirmed the plasmons on metal surface and their abilities for selectively transmitting light
with different polarization states in the last century, great enthusiasm has been devoted to
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replacing traditional polarizers and making them widely available for polarized
photodetection.[?94-206] For example, in 1999 Nordin et al. prepared a Mo grating with

=475 nm period on a Si substrate and it presented an anisotropic ratio (&) of ®1000 at 3—

5 um.[297] After integrated it into an infrared camera, the device can realize polarized
imaging of a static scene clearly, which offers a universal solution for similar applications of
LDMs.[52] However, with the development of electromagnetic field theory and processing
technology, people prefer the combination of metamaterials and LDMs because the latter
one presents much richer configurations and more flexible optical field regulation ability.
[208] 1n 2020, Wang's group constructed a graphene/Si photodetector composed of 2 x 2
units. By optimizing the morphologies of Au structures on each unit, the device can both
distinguish the linear and circular polarized light with different polarization states
simultaneously.?>! In 2022, by designing metamaterials on the PdSe,, Dai et al. also realized
the polarized photoresponse, successfully obtaining the full-Stokes imaging of objects in the
infrared range (Figure 5c¢).120%

Thanks to the flexibility of type-ll LDPPs in regulating electromagnetic fields, not only
metamaterials but also other components such as resonators, photonic crystals and fibers
can integrate with LDMs for polarized photodetection.l?1%-2121 Here, another two
representative device configurations are introduced. First, in 2021 Li et al. prepared a MoTe;
photodetector that is constructed on a silicon photonic crystal (Figure 5d). Due to the
different coupling efficiency of radiation into the cavity, a polarized photoresponse with
maximum anisotropic ratio (&) of 11.5 was demonstrated.l?'3-213] Unfortunately, it is hard to
maintain high performance in a wide range limited by the working principle of such devices.
Second, LDMs can also exhibit anisotropic response to light in the total internal reflection
mode because of the discrepant complex refractive indexes in and out of the 2D plane (RI
ellipsoid). In 2015, Tian's group first described the properties of a monolayer and twisted-
bilayer graphene in this configuration (Figure 5d), respectively.[?16 2171 A reversed anisotropic
ratio can be achieved on a large scale just by tuning the incident angle of light and the
direction of incidence plane.?8]

3.5 Type-Ill LDPPs

In this section, the representative type-Ill LDPPs based on second-order nonlinear effects
such as PGE, PDE and BPVE are mainly introduced.l’”: 78 As one of the most well-known
ones, PGE was first predicted in bulk materials as early as 1970s.121% 2201 with the rapid
development of materials science recently, it has been observed in many LDMs, such as
nanoparticles, nanotubes/wires, 2D topological insulators, type-Il Weyl semimetals,
transition metal dichalcogenides (TMDs), etc., and has been developed into a tool for
selectively resolving the band spin splitting, spin-valley coupling, and Berry curvature
singularities.[107.221-2271 pGE describes the asymmetrical scattering of carriers by light to
generate directional net current in a material. It can only occur in a crystal without inversion
symmetry in the dipole interaction approximation. As the interaction between light and



electric quadrupole and magnetic dipole is considered, the symmetry limitation can be
removed but an oblique incidence of light is mostly required in LDMs. For example, Kral

et al. first carried out a theoretical study on the PGE of BN nanotubes. The tubes with
different chiral numbers may have intrinsic noncentrosymmetric (NCS) and their polar
properties are proven helpful to excite the shift currents (Figure 6a).2231 In 2011, Mclver
et al. experimentally observed a surface current in a Bi,Ses. Due to the Dirac band structures
and the counter-propagating fermions with opposite spins in this topological insulator
material, a net current was induced when the spins were selectively driven, resulting in a
circular polarization-dependent photoresponse at a certain oblique angle (circular PGE,
CPGE).[21 Similar phenomena were also observed by Agarwal et al. in a WTe; flake in 2020.
[228] By designing the electrodes with U-shaped geometries and exciting the topological
surface charge with a polarized Laguerre-Gaussian beam, the orbital angular momentum
/energy-electrons transfer process is revealed (Figure 6b).[228 227]

Current
Photocurrent (uA)

0 45 90
Quarter wave plate angle (*)

d 01 20v,6v) L= Ve *‘""“\
04} - 0+ / vig‘//_‘l__
N : 50
oz2f ziiiszar i ‘ I "° citd
e w0 ‘sv'y\ /r"%""\
. PN 20
e oy

0.0
-0.2f y .' (-10Vv,0, pre]
; 10 10
-0.4 =
-0.4F 0 w2 W 3m2 2w 0 f
¢>.(rad) o "
0 45 90 135 180 225 270 315 360

-100 -50 0 50 100
Fermi energy (meV) Polarization angle ¥ (°)

o

Circular shift current (nA/um)

Ven (HV)

50 = f 31 0027 7THz
. q . THz photons

< 30 g E® 2
c E g s
= - s —i &+ Polarizer g

10+ Longitudinal —_— =
= - ;
% 0.03- zigza
g 0.094 0
% 0.154 00 05 10

B."llr )

Figure 6

Open in figure viewer | ¥PowerPoint
Typical examples of the type-lll LDPPs. a) Theoretical predicted shift currents of different curled BN nanotubes along
their axis. b) Schematic and polarization-dependent current of a WTe> flake induced by orbital angular momentum of

light. c) Schematic and calculated circular shift photocurrent of a bilayer graphene. d—f) Schematics and the
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corresponding polarization-dependent photovoltages/nonlinear conductivity/photocurrent of devices made of twisted
double bilayer graphene/WSe2-BP heterojunction/1T-CoTe) flake, respectively. a) Reproduced with permission.[223]
Copyright 2000, American Physical Society. b) Reproduced with permission.[zzs] Copyright 2020, American Association
for the Advancement of Science. c) Reproduced with permission.[238] Copyright 2022, American Physical Society. d)
Reproduced with permission.[27] Copyright 2022, Springer Nature. e) Reproduced with permission.[244] Copyright
2021, American Association for the Advancement of Science. f) Reproduced with permission.[245] Copyright 2023,

Wiley-VCH.

Another well-known nonlinear optical effect is PDE, which is generally described as the
momentum transfer from photons to electrons.[’® Unlike PGE that can only be observed in
NCS materials, PDE is intrinsic and commonly presented in any conductors. Since the effect
was first predicted in bulks in the 1950s, this nonlinear phenomenon has been observed
experimentally in a variety of materials.[230-2331 Qver the past decade, the research of PDE
has also been extended to LDMs. In 2010, Entin et al. discussed the PD current in graphene
considering the resonant/nonresonant mechanisms.[?34 When graphene is excited near the
Fermi energy, a small shift in momentum may lead to a strong difference in relaxation times
between carriers, further inducing an increased net current. This process has been widely
agreed upon and validated in carbon nanotubes and Tl materials subsequently.[23> 2361 |n
recent years, another model was proposed to describe the PDE by Xiong et al.[?3”] They
attributed the current to a shift dipole, namely the geometrically nonvertical optical
transitions between interbands. Only the electron Bloch states below the Fermi energy were
excited. So the carriers with opposite wave vectors were selectively driven to generate a
directional net current. This process is not limited by the symmetry of material and it is
demonstrated in a bilayer graphene system later (Figure 6c).[?38]

Apart from the PGE and PDE, BPVE has also caught much attention in LDMs in recent years,
which is potential to be induced in the NCS materials with piezoelectric/ferroelectric
properties.l?39 Microscopically, BPVE is determined by the asymmetric scattering centers of
a material as well. This is similar to that in PGE, so mostly they are viewed equally. BPVE can
also be used as the basis for polarized photodetection.['%”1 For example, Peng et al. explored
the photocurrent in a 2D perovskite and confirmed the key role of BPVE both with the
temperature-related and zero-bias experiments in 2020.1249 Similar phenomena were also
observed in a-In,Ses, BiFeOs, Td-WTe, and so on.l241-2431 |n 2022, the BPVE in a twisted
double bilayer graphene (TDBG) has sparked renewed interest. Both the symmetry breaking
and moiré quantum geometry are considered. By introducing the convolutional neural
networks, the authors even realized the full-Stokes polarimetry in LDMs based on the BPVE
for the first time (Figure 6d).[2”]

Some other second-order nonlinear effects also have been studied recently. In 2021,
Akamatsu et al. designed a WSe,/BP photodetector and revealed the role of spontaneous
photovoltaic effect. By controlling the lattice symmetry between WSe, and BP, a polarization-
dependent zero-bias current of the system was observed (Figure 6e).244l In another work,



Hu et al. explored the nonlinear Hall effect of CoTe; flakes in the THz range. Interestingly, a
current conversion by rectifying the driving alternating current were realized in the absence
of a magnetic field (Figure 6f).[24°]

3.6 Circular Polarized Photoresponse of LDMs

The response mechanisms of LDMs to linear polarized light and the classifications for
related devices are also applicable to circular light-matter interactions. Generally, the
physical process can still be analyzed from the view of linear conductivity, electric field
intensity and nonlinear conductivity tensor terms in the constitutive equation, but the
difference is the definition conversion from linear to circular polarized light. In order to be
consistent with previous statements, the LDPPs response to circular polarized light are also
divided into three categories: type |, I, and lll respectively. A brief description of each type
and the typical examples are given.

The materials involved in type-I LDPPs usually include small molecules, polymers, organic
single crystals, perovskites and so on.[105 106,246-248] Generally, these materials are chiral
intrinsically for recognizing the polarization states of circular light and can be made into 0D
hybrids, 1D nanowires, 2D thin films or even their composites. In 2013, Campbell's group
prepared a field-effect transistor that was capable of resolving circular light by using a 1-aza-
[6]helicene molecular.?#?1 Thanks to the natural helical structures, a maximum anisotropic
ratio =10 at turn-on voltage was obtained (Figure 7a). By extending the chirality of material,
namely the Tt-conjugation, along its helix or in-plane direction, the chirality dependence will
be more pronounced.l?*Y As an example, by connecting Tt-conjugated naphthalene skeleton
with (Pbl6)*~ chains in a perovskite nanowire, Ishii et al. fabricated a detector with highest
anisotropic ratio of ~25.4 in 2020 (Figure 7b).[>>"1 Although the extinction performances of
these PPs are better than their linear-polarized-light-responded counterparts, great progress
are still needed for practical applications. In contrast, the type-Il LDPPs are much more
vigorous in this respect because of the rich devices configurations. The controllable
photoresponse to circular polarized light can be realized easily by integrating the LDMs with
metamaterial units.[?>% 2531 Recently, by constructing the metamaterials on the surface of a
few-layered MoS, and introducing the concept of “optoelectronic silent state,” Bu et al.
achieved a response with ultrahigh extinction ratio to the circular polarized light, which
further laid the foundation for the practical application of LDMs.[2>¥] Compared with the
above two categories, the type-Ill LDPPs is furthest away from applications at the present
stage because of the relative weak photoresponse and low compatibility with optical paths
of traditional PPs. Many researches in this field are still focused on the property explorations
of novel materials.””1 For example, in 2018 Paul et al. experimentally demonstrated the
helicity-dependent photocurrent driven by the spin Hall mechanism at the edge of a
Bi,Te,Se platelet, while the phenomenon can only be temporarily stayed in the laboratory
due to the distance from the requirements of polarized photodetection in practice.l*>>! In
order to solve above problems, Qiu's group recently proposed a new strategy: they



constructed the periodic asymmetric metal micro-nano/structures on the surface of
graphene, and stimulated the BPVE of the material through near-field optical regulation to
generate the net current. Unlike most of the type-Il LDPPs, the photocurrent excited here
exhibits distinct vector characteristics, so it can flow without external bias.[2°6-258]
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Here, we should also emphasize that most of LDPPs mentioned above can only selectively
respond to the linear or circular polarized light at present. The simultaneous detection of
them is conducive to the full-Stokes polarimetry imaging of targets, which is significant in
practice. In order to achieve the goal, people start their work from the perspective of
material selection, work model optimization and advantages complement between above
different type of devices. In 2021, Wu's group prepared an array of single-crystal nanowires
based on the chiral perovskite (PEA),Pbl4 and further designed a Stokes-parameter
photodetector.l'3% The selective attenuation of 1D material arrays on electromagnetic field
and the intrinsic polarization-dependent photoconductivity of the chiral material are both
considered (Figure 7c). In the same year, Fang et al. carried out another experiment by using
a single-layer/few-layer MoS, homojunction.[?>? Based on the in-plane to out-of-plane
optical response to the material under total reflection and the valley-dependent
nonequivalent excitation caused by CPGE, four Stokes parameters in the 650-690 nm band
were detected efficiently (Figure 7d). In another work, Soci's group combined the spin
transport of a TI material (Bi1 5Sbg sTe gSeq ») with the field regulation of metamaterials to
carry out a polarization-dependent research later.[26%1 A 11-fold enhancement of the CPGE
and a =0.87 photocurrent dichroism were observed, shown in Figure 7e.

4 Outlook and Summary

Despite much progress made on the study of LDPPs, the devices still face plenty of
challenges before applications. We will mainly discuss from the view of comprehensive
performance enhancement, integrated manufacturing and intelligent applications of devices
here. We believe that great opportunities lie ahead of us and can push the field into new
space if these issues are addressed effectively (Figure 8a).
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for the different representative LDPPs. The HS, FT and MM are abbreviations for LDM-based heterostruture, field-

induced LDMs and multimechanism-induced LDMs, respectively. Since there are relatively few devices working in the

ultraviolet and infrared bands at present, the devices concerned here are focused in the range of 200-1700 nm.

4.1 Comprehensive Performance Enhancement

For LDM-based photodetectors, the comprehensive performance improvement has always
been a problem to be considered. Here, we will leave aside the common issues, such as the
low light absorption of LDMs, trade-off between responsivity and response speed, and large
dark current especially in the infrared range, that faced in conventional devices and mainly
focus on the problems in LDPPs. The pros and cons of each type of devices have been
described in Sections 7-9, and here we make a brief summary as follows:

The type-l LDPPs are usually designed as a simple configuration working under a relatively
clear principle. Various photosensitive materials can be chosen from and the response
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range covers from ultraviolet to infrared bands. Nevertheless, a single material cannot
selectively detect the linear/circular polarized information of a target at the same time, and
the anisotropic ratios of the related devices are usually lower than 5, which is not conducive
to the high-resolution monitor of polarized information. These drawbacks are mainly due to
the intrinsic properties of materials related to their lattice symmetries. How to
fundamentally improve the anisotropy of a material will play a crucial role in its practical
applications in polarized photodetection. In contrast, the type-ll LDPPs can achieve ultrahigh
polarized photoresponse due to their flexible device configurations and effective regulation
of electromagnetic fields. They are also considered to be the closest to practical applications.
However, their developments are usually limited by the demanding preparations.
Sometimes we need to spend huge effort to implement certain functions of the device, such
as high responsivity and anisotropic ratio at specified band. Compared to them, the type-Ili
LDPPs have the most room for development. By controlling the nonlinear light-matter
interactions, the zero-bias full-Stokes polarimetry can be realized in a simple mode. One can
even drive some of the materials with photon energies smaller than their energy band gaps
due to the multiphoton nonlinear physical processes. However, the weak nonlinear
interactions may obliterate the current into the linear photoresponse, which sets up great
barriers for the practical applications of such devices. The technical combination between
excitation of nonlinear photoresponse and polarized photodetection is also an important
issue that needs to be considered.

To compensate for these deficiencies, one can work from the view of the material selection
and technology optimization. One hand, the novel LDMs or their composites with excellent
intrinsic properties should be explored constantly. For instance, the moiré superlattices
whose properties can be tuned by controlling the interlayer rotation angles are likely to
provide a breakthrough in device performance.[?: 261.2621 On the other hand, the
advantages complementarity between different type of LDPPs should also be focused on. As
an example mentioned above, the intrinsic advantages of LDMs and related devices can be
further amplified with combining their nonlinear photoresponse with local field
modulations.['3% 259. 260 The device configurations can also be rich and diverse due to the
various forms of local fields.[*”] To avoid repeating the content of other similar articles, here

we provide a simple performance comparison of existing devices in Table 6 and Figure 8b.
[23, 25, 26, 140, 178, 180, 181, 197, 213, 216, 217, 251, 256, 259, 260, 263-296]

Table 6. Performance regulation of different LDPPs

Heterostructures 0D/1D CdSe@CdS/PVDF 200-405 -

Ge/Si NW 1200-1700 5.5@150(



Type Materials Response band RIAW

[nm]
0D/2D CdSe-ZnS/WS; 532 ~104
1D/2D (BA),Pbls/Graphene 480-600 ~0.3:
1073@¢
nm
Te/WSy 400-700 27.7@40:!
PdSey/Si nanowire array 200-4600 0.726@¢
nm
1D/3D TiS3/Si 405-1050 35 x
1073@¢
nm

a) The slash here separates the response band from the specific response wavelength of the device;

b) The "c represents the device responding to circular polarized light.

A The “G" and “F" are abbreviations for “photogating field” and “ferroelectric field” , respectively.
Strictly speaking, the built-in field (talked in Heterostructures) and localized electromagnetic field (talked in
Plasmon-induced LDMs) should also be included in the field-tunable devices. But because the first two items

involve many work, they are listed separately here. v

4.2 Integrated Manufacturing

During the integrated manufacturing and applications in the future, the LDPPs will generally
face the challenges such as high-quality synthesis of materials, processing and integration of
micro/nanostructures, as well as the later data extraction and analysis, etc. First, limited by
the working modes especially in the DFP-PPs, the applicable materials are still confined to
the 1D nanostructure arrays, 2D materials or their heterostructures. This puts forward high
requirement for the material preparation, at least needs to ensure the complete crystallinity
with fewer defects at a centimeter scale. Meanwhile, the high-quality transfer, topography
processing, doping and other operations are also critical for avoiding the device
performance degradations subsequently.[?®l The second challenge need to be considered is
the technical compatibility during device integration. Although the silicon semiconductor
production technologies can meet most of our requirements, we still need to carry out
experiments in terms of the time and economic costs. Finally, we should also pay attention
to the data processing, such as signal extraction, calibration, denoising and analysis
especially in the brand-new working modes. As an example, the performance of the type-Iil



LDPPs is closely related to the material symmetry, incident angle and helicity of light.[8! The
numerous influencing factors make any changes in experiment may lead to a signal
deviation. The accurate and efficient data processing is an important step toward the
practical application of related devices.[67-70]

4.3 Intelligent Application

The intelligent application of LDPPs is an inevitable direction for the development. We can
imagine that the PP with high performance, integration and multifunction can become one
of the most important source components in the digital terminal equipment. The detector of
the future must be a deep optical sensing device that can monitor multidimensional
information, including the light intensity, wavelength, polarization, phase and even angular
momentum.??”1 Meanwhile, the information obtained from PPs can be involved in big data
storage and analyzed by artificial intelligence, which can further guide the functional
applications of the PPs in reverse (Figure 8a). Nevertheless, the road is certainly full of
challenges. The performance improvement of the PP itself, massive information handling
and efficient man—-machine interaction, etc. are all issues need to be paid attention to. While
considering the effective integration of multiple technologies, innovative sensing materials
and new physical mechanisms are also need to be explored constantly. It is believed that
these problems will be addressed finally through the joint efforts of various related fields.

In conclusion, the developments of LDPPs made of the 1D nanowires/tubes/arrays, 2D
materials and their heterostructures are mainly introduced in this review. The working
principle and response mechanisms of related devices are also discussed. Significantly, the
existing LDPPs are creatively divided into three categories from the perspective of
constitutive equation, and the representative works of each type are presented. Finally, we
discuss the challenges and opportunities in this area. Compared with the traditional
photodetectors, the LDPPs as emergent devices have more room for development. They are
perfect complements to traditional devices, and even can be substitute candidates in some
special fields. With the advent of the post-Moore era, we believe that the LDPPs will be
widely concerned and can play an increasingly important role in the future.
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